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Abstract
This thesis describes the development of a multi-mJ, few-cycle, absolute-phase
controlled laser system based on optical parametric chirped pulse amplification (OPCPA)
operating at a kHz repetition rate. A laser system with these specifications will
provide a table-top platform to enable a broad range of experiments in demanding
research areas, including laser electron acceleration and the creation of exotic high-
energy density plasmas from solid targets. The approach of the work is a combination
of both experimental effort and numerical simulations used to guide and aid inter-
pretation of laboratory studies. The non-collinear parametric gain stages of the laser
have been optimised using detailed numerical simulations. A comparison is given on
phase matching conditions in BBO and LBO crystals along with a novel nonlinear
material BiBO. The production of 600 µJ pulses with a bandwidth that supports a
transform limited temporal duration of 8.5 fs is presented in a three stage BBO based
design.
An all optical, low-jitter synchronisation scheme for the OPCPA pump and signal
pulses has been designed and implemented by use of solitonic wavelength shifting
in a photonic crystal fiber (PCF). Commercially available fibers with various core
sizes have been assessed. The propagation of few-cycle pulses in the PCF has been
studied by numerically solving the generalised Schro¨dinger equation with the split-
step Fourier method.
An OPA pump laser with excellent spatial and temporal qualities has been de-
veloped. Amplification of the PCF output at 1053 nm is achieved in a regenerative
diode pumped Nd:YLF amplifier and a multipass power amplifier. Self-phase modu-
lation and gain narrowing is greatly reduced using a customised 500 µm low-finesse
etalon in the regenerative amplifier cavity. Spectral modulation was found to increase
both frequency doubling and parametric amplification efficiency and stability. The
construction of an alternative 10 Hz, high-energy pump beam line is also presented.
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Chapter 1
Introduction
The concept of chirped pulse amplification (CPA) [1, 2] and the construction of
femtosecond laser sources [3, 4] has revolutionised progress in the development of
high-repetition rate, high-peak power, ultrafast laser systems. The terms “high-
peak power” and “ultrafast” have continuously been redefined many times in the
last decades as new technological advances made higher-peak powers and shorter
pulse durations available. Peak output powers on the order of a megawatt with pulse
durations under 10 fs are now available directly from a turn-key laser oscillator. Since
the optical cycle period in the visible and near-infrared is 2–3 fs, these pulse durations
and the required ultrabroad bandwidth approach the fundamental limits for devices
operating in this wavelength range. Before the invention of CPA the intensity of the
laser pulses was kept below the threshold of damage and unwanted nonlinear effects
by using expensive, large aperture optics. In CPA systems, the ultrashort pulses
are stretched in time prior to amplification greatly reducing the intensity in the gain
medium, allowing orders of magnitude higher peak powers in a compact laser system.
As a direct result it is now possible to experimentally investigate highly nonlinear
processes in atomic systems, molecular media or plasmas and to access previously un-
explored exotic states of matter [5, 6]. An ultrafast laser can potentially provide high
intensities in the visible or near infrared part of the spectrum in a table top size sys-
tem in a small university scale laboratory at high repetition rates. Optical parametric
chirped pulse amplification (OPCPA) combines the CPA technique with parametric
amplification and provides the possibility to create new laser sources reaching well
beyond the limits of conventional laser technology. In OPCPA, instead of amplify-
ing the laser pulses in a gain storage medium, the energy of another so-called pump
pulse is transferred to the chirped ultrashort pulse in a suitable crystalline mate-
rial via a nonlinear process. OPCPA offers broad gain bandwidth, high single pass
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gain and it is scalable to high energies and high repetition rates, which is one of the
main advantages of OPCPA lasers. A number of the highest power (Petawatt class)
currently operational laser systems use an OPCPA based front end to seed large aper-
ture Nd:glass amplifiers such as the Texas Petawatt Laser (Texas, USA – 200 J, 150
fs) [7, 8], the OMEGA EP (Rochester, USA – 1000 J, 10 ps) [9], and the PETAL
(Aquitaine, France – 3500 J, 0.5 to 5 ps) [10].
There are several systems that are currently under development in order to reach
even higher intensities e.g. the Vulcan Petawatt Laser (RAL, UK) [11] is currently
being updated to produce 300 J, 30 fs pulses in an all OPCPA amplification scheme
[12]. A few-cycle OPCPA system, the Petawatt Field Synthesizer (PFS, Garching,
Germany) is currently being upgraded from 90 mJ, 10 fs to provide 5 fs, 3 J pulses
at 10 Hz [13]. Petawatt scale systems based on Ti:Sapphire and OPCPA are also
under development e.g. the ILE/APOLLON (Paleiseau, France – 150 J, 15 fs) [14],
XL-III (Beijing, China – 30 fs, 22 J) [15]. To date the largest proposed system dedi-
cated to the investigate laser-matter interactions is the Extreme Light Infrastructure
(ELI) project under construction across Europe, which will also be fully based on the
OPCPA technique and is designed to achieve the highest intensities up to the order
of 1025 W/cm2 [16].
Due to the lack of energy storage in the gain medium, OPCPA has very strict
requirements on the pump laser. Excellent spatio-temporal quality, high energy and
high repetition rate are all desirable properties. In addition as the energy exchange
occurs without energy storage, precise synchronisation to the short seed pulse must
be ensured. One of the main bottlenecks in the increase of the repetition rates of these
high intensity OPCPA laser sources lies in the difficulty of building suitable pump
lasers due mainly to heat management problems. Diode pumped solid state lasers in
contrast to flashlamp pumping allow one to scale repetition rates from a few tens of
Hz to multiple kHz, as the ratio of thermal generation from the absorbed radiation
power for diode laser pumping is much less compared to flashlamp pumping.
1.1 Motivation for generation of high-energy few-
cycle pulses
The rapid technological advances in high-energy, carrier-envelope phase (CEP) sta-
bilised few-cycle optical laser sources has made possible many new scientific experi-
ments in high-field science. The evolution of attosecond science and temporal map-
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ping, generation of powerful X-ray sources, electron and ion acceleration and the
creation and probing of extreme states of matter all became accessible and will be
briefly explained in this section.
To perform time-resolved probing of physical processes an event with shorter tem-
poral duration than the process itself is required. The orbital period of an electron in
the ground-state of hydrogen is, according to the Bohr model, ∼150 attoseconds. The
generation of pulses at the attosecond temporal scale has enabled the investigation
and mapping of the ultrafast electron motion within an atom or molecule. A method
of generating single isolated attosecond pulses is high harmonic generation (HHG) in
gases using few-cycle driving pulses with a carefully controlled electric field and an in-
tensity beyond the saturation intensity of the gas medium [17]. By using such a laser
system, pulses as short as 80 attoseconds at a photon energy of ∼80 eV have been
reported [18]. However more recently the strict temporal requirement for generation
of isolated attosecond pulses has been greatly relaxed to about 20–30 fs, by using
slightly delayed counter-rotating elliptically polarised pulses, to enable a technique
called generalized double optical gating [19]. Here the fact that the recollision step of
the classical three-step model for HHG [20] can occur only for linear laser polarization
is used, and the high-harmonic emission can be limited to a single recollision event.
Particle accelerators are used in a wide variety of fields from medicine and biology
to high-energy physics. The accelerating gradients in conventional accelerators are
limited to a few tens of MeV/m by the material breakdown thresholds of the confin-
ing structure and usually require large and expensive infrastructures to implement.
The acceleration of electrons in the wake field of an intense laser pulse having an
accelerating gradient in the order of 100 GeV/m leads to acceleration of the electrons
up to 1 GeV in mm-cm scale plasmas [21]. The well-defined electric field evolution of
the intense, phase-stable few-cycle laser pulses provides an ideal tool for acceleration
of electrons. In addition, the production of fast electrons is the origin of effective ion
acceleration from thin foil targets [22].
X-ray radiation is one of the most effective tools to explore the properties of matter
for a broad range of scientific research. The production of coherent femtosecond X-ray
pulses is motivated by countless applications in both fundamental science, industry
and medicine. High-energy radiation is used to explore dense objects that are opaque
for low-energy X-rays or optical wavelengths. Several techniques are being developed
to produce femtosecond X-ray sources. The large-scale free-electron laser facilities
can now deliver the brightest X-ray beams with novel possibilities e.g. to reveal
interatomic structure and dynamics [23, 24]. Conventional X-ray radiation sources
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have limitations in terms of pulse duration, spectrum tunability, energy range and
the size of the source. Alternatively laser-produced plasmas can produce ultrashort
duration, compact radiation sources covering a wide spectral range from the XUV to
gamma rays. The relativistic electrons accelerated in a laser wakefield can generate
ultrashort X-ray radiation as they inherit the temporal profile of the laser-plasma
electron bunch [25, 26].
The use of high-energy few-cycle pulses allows the rapid heating of matter under
extreme conditions. The unique characteristic of the interaction process is that the
laser energy is absorbed on a femtosecond time scale, before any significant hydro-
dynamic expansion of the plasma can occur. The energy of the laser is transferred
to matter at a density close to solid. Therefore matter under extreme conditions of
temperature and pressure becomes available and can be investigated in a controlled
laboratory environment that is otherwise present only in the core of Jupiter sized
planets.
1.2 Consideration for experiments
Applications of intense laser systems take advantage of the fundamental properties of
the pulses created. Each of the key desirable parameters raise challenges in construct-
ing laboratory light sources suitable for the type of experiments described above.
• The requirement for the fields discussed in the previous section is that the pulses
are of ultrashort duration, such that they can be used in order to e.g. achieve a
temporal resolution that is shorter than the process to be mapped. Few-cycle
duration intense pulses in solid density plasma applications can for instance
eliminate the hydrodynamic motion of the plasma during the interaction with
solid target.
• Another requirement is associated with the large electric and magnetic fields
of the focused intensity of a high-energy few cycle pulse. At 1021 W/cm2, the
corresponding electric field is 100 times larger than the Coulomb field binding
the atomic electrons, which is sufficient to promptly ionise even relatively heavy
atoms.
• Spatial concentration of the energy is of crucial importance for the generation of
extremely high intensities. The focusability scales inversely with the wavelength
of the pulse and is dependent of the spatial quality of the beam.
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• An excellent pulse contrast is especially important in laser-matter interaction
experiments, where even very low levels of pre-pulse can cause breakdown of
the target before the arrival of the main pulse leading to plasma formation and
flow before the main interaction or even the destruction of the target.
• Shot-to-shot stability ensures the reproducibility of the experimental results.
• The high peak power required to drive laser wakefield accelerators can currently
be produced by complex and relatively low repetition rate laser systems, which
limits the average current to the nA level. Most applications however require at
least µA average currents, which can potentially be provided by high repetition
rate (kHz) systems.
1.3 Objectives
The objective of the work described in this thesis is the development of an OPCPA
laser system able to provide mJ level few-cycle pulses at relatively high repetition
rate of 1 kHz, well matched to experimental requirements for both laser particle
acceleration and the creation of near solid density plasmas. The system was initially
designed and built at the Rutherford Appleton Laboratory as part of an EPSRC
basic technology programme focused on attoscience, from where it was relocated to
Imperial College London for further development. Several predominantly technical
issues prevented the original system from achieving a fully working condition.
The system originally employed a two oscillator scheme, where the picosecond
seed for the OPCPA pump pulses were generated in a separate commercial oscillator,
a product of High Q Laser GmbH. The synchronisation of the OPCPA seed and
pump pulses was carried out electronically by adjusting the cavity length by moving
a mirror in the pump oscillator cavity. This unfortunately lead to a displacement
of the beam and consequently a decrease in the intracavity power. This resulted in
unwanted Q-switched mode-lock operation, where the mode-locked pulses build up
under a Q-switched envelope. This caused too high a peak power to develop in the
oscillator, exceeding the damage threshold of the saturable absorber used to mode-
lock the system. Due to this “self-destruct” mode of the system, it achieved only ∼27
days of operation over 18 months.
Initially a longer pulse (12 fs) Ti:Sapphire oscillator was available with a spec-
trum ranging from 700 nm to 950 nm, to which the system parameters (stretcher-
compressor and OPA gain stages) were optimised. After replacement by another
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oscillator capable of producing ∼6 fs pulses with an ultrabroadband spectrum rang-
ing from 650-1000 nm a full review and reoptimisation of these system parameters
was required together with significant improvement of the diagnostic devices used to
monitor the system performance in real-time.
The broad objectives of this work are to combine appropriate experimental and
numerical techniques to:
• Examine the possibility to use a single broadband oscillator scheme to provide
both the OPCPA pump and seed pulses.
• Determine the optimal way to extend the short pulse oscillator spectrum to
create sufficient energy at the OPCPA pump operational wavelength to act as
a suitable seed source.
• Build a robust pump laser operating at high energy and high repetition rate.
• Improve spatial and temporal properties of the OPCPA pump pulses to allow
for best conversion in the nonlinear parametric gain stages.
• Find the best nonlinear crystal candidate for the OPA gain stages and imple-
ment all optical locking of the OPA pump and seed pulses for < 1 ps timing
accuracy maintained over multi-hour timescales.
• Develop an alternative higher energy, low repetition rate pump beamline for
different experimental requirements.
• Improve diagnostics to account for routine few-cycle operation.
1.4 Organisation of thesis
The thesis is split into eight chapters. There is no overarching theory section in the
beginning of the thesis, due to the diversity of the work needed to implement the
laser system, rather each chapter has the required theory at the beginning by way of
scene setting.
Chapter 1 provides an introduction to the physics of few-cycle pulses and their
applications, giving an overview of the motivations to build such a system. A full
overview of the current system layout is also given in this chapter.
Chapter 2 presents a theoretical description of the propagation and generation of
few-cycle pulses, together with a description of the current ultrabroadband oscillator.
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It is shown that these pulses are extremely “fragile” and great care must be taken in
compensation of the phase for all spectral components for an ultrabroadband laser
pulse. Measurement and control are thus key problems arising in the development of
such a system and these are explained in Chapter 3 and Chapter 4, respectively.
The amplification scheme, optical parametric chirped pulse amplification (OPCPA)
is described in Chapter 5, where after a comparison is given to “conventional” gain
storage amplifiers, the theory of the propagation of electromagnetic waves and non-
linear polarisation in matter is explained briefly. Derivation of the coupled wave
equations, broadband non-collinear phase matching conditions and phase matching
in biaxial media are also shown. Nonlinear crystals for our application have been cho-
sen from among LBO, BBO and BiBO after extended simulations. This was followed
by the experimental verification of the performance of the nonlinear crystal selected.
Different synchronisation schemes for the OPCPA pump and seed pulses are cov-
ered in Chapter 6, of which a passive all-optical scheme has been chosen which
employs a highly nonlinear photonic crystal fiber (PCF) to shift energy to the pump
laser wavelength from the short pulse oscillator. The nonlinear fiber has been chosen
by assessing a set of commercially available PCFs by simulating the few-cycle pulse
propagation by numerical evaluation of the generalised nonlinear Schro¨dinger equa-
tion using the split-step Fourier method. A slow thermal drift during the short pulse
oscillator “warm up” has been identified and resolved by locking the repetition rate
of the oscillator.
Chapter 7 describes the development of the OPCPA pump laser. The design
and construction of a high stability regenerative amplifier and choice of amplifier
medium is given. Techniques to engineer temporally and spatially flat top pulses are
presented together with the resulting regenerative amplifier and multi-pass amplifier
performance. An alternative low repetition rate higher energy beam line was also
built with results covered at the end of the chapter.
Chapter 8 presents the current system overview together with triggering system.
The thesis ends with a summary of the achievements, possible applications and future
extensions and applications.
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1.5 The author’s contributions
This section summarises the author’s contributions to this work.
Chapter 3: The SPIDER device was re-designed to account for maximum effi-
ciency few-cycle operation with a code written by the author. The device was then
completely rebuilt with the new design parameters using a new glass block and thinner
crystal that allows larger bandwidth to be studied.
Chapter 4: The stretcher compressor system was originally designed by Dr.
Ian Ross from the Rutherford Appleton Laboratory, one of the key developers of
the OPCPA technique. The realignment after the relocation of the system and the
measurements of the actual phase transfer functions of the individual components
were carried out by the author.
Chapter 5: The phase matching calculations in this chapter were performed by
the author using her own code. The OPA modelling was performed by the author
using Prof. Geoffrey New’s OPA code with several additions, improvements and
modifications by the author to account for the current application for example the
inclusion of the new and usually complex material BiBO. The experimental OPA
implementation was also carried out by the author.
Chapter 6: Numerical simulations in this chapter were performed by the author
using her own code. After the choice of the fiber was made based on these simulations,
the wavelength shifting was successfully implemented experimentally by the author.
The repetition rate locking of the short pulse oscillator was also implemented by the
author.
Chapter 7: The pump pulse stretcher was redesigned by the author. The re-
generative amplifier was designed by Prof. Roland Smith and built and performance
tested by the author including optimisation for low seed energies. The flat-top tempo-
ral profile simulations were performed independently by the author and Prof. Roland
Smith, of which the results from the author’s code are presented in the thesis. The
choice of apodiser was experimentally chosen by the author to create a flat-top spa-
tial profile well optimised for use as an OPA pump. The design and construction of
the pump laser multipass amplifier was initially conducted by Dr. Yunxin Tang and
Dr. Ian Ross. The author was also responsible for rebuilding the cooling system to
minimise turbulence and acoustic noise. The reconfiguration of the multipass ampli-
fier from triple pass to double pass and the modifications addressing the operational
wavelength change from running at 1053 nm rather than 1047 nm was also the au-
thor’s work. The image relay system and transport optics system for the injection
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of the pump laser to the OPA stages were completely redesigned and rebuilt by the
author.
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of OPCPA lasers, Submitted
These publications represent additional work by the author which is not discussed
in this thesis:
• D. Bigourd, S. Patankar, S. I. Olsson Robbie, H.W. Doyle, K. Mecseki,
N.Stuart, K. Hadjicosti, N.Leblanc, G.H.C. New, R.A. Smith, Spectral enhance-
ment in optical parametric amplifiers in the saturated regime, Applied Physics
B, 1-7 (2013)
1.7 The design layout of the full system
The schematic overview of the initial system layout is shown in Fig. 1.1. The detailed
description and performance of the system with this layout can be found in Ref. [27].
The short pulse amplification is realised in two OPA stages of which the pre-amplifier
stage is double passed. The pump and seed pulses for the parametric amplification
stages are derived from two separate oscillators which are electronically synchronised.
The pump pulses are stretched in a grating stretcher and amplified in a high repetition
rate diode pumped Nd:YLF head at 1047 nm, where the pumping is achieved via 5
high-power diode modules radially driving a Nd:YLF laser rod. The output of the
amplifier is image relayed onto a frequency doubling crystal and from there to the
subsequent OPA stages, where the pump energy is divided between pumping the
double passed first OPA stage and the third stage.
The short pulse beamline passes through a dazzler, where pre-compensation of
higher-order phase is performed. The pulses are stretched both in the dazzler crystal
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8-prism stretcher
OPA 1&2
OPA 3
Diode pumped
Nd:YLF 
SHG
HiQ oscillator
Electronic
synchronisation
Compressor
Figure 1.1: Schematic overview of the previous system layout.
SHG: second harmonic generation, OPA: optical parametric ampli-
fier stages.
and in a compressor style 8-prism “stretcher” to obtain the required pulse length of
2 ps in the first and second OPA stages. An approximately 106 gain is expected from
the two pre-amplifier parametric stages, where the signal pulse duration is a small
fraction of the 40 ps pump pulse to ensure uniform amplification of the full spectrum.
Then the short pulses are further stretched in a grating stretcher to about half the
pump pulse length, and amplified in a third parametric amplifier. Finally the pulses
are compressed in a grating compressor.
The main reason preventing the system from achieving a full and stable working
condition originates from the problems with the pump laser and the electronic syn-
chronisation scheme. The work detailed in this thesis comprises the elimination of
the commercial pump laser oscillator and implementing an optical synchronisation
scheme by deriving both the OPCPA seed and pump pulses from a single oscillator.
The pump wavelength has also been changed from 1047 nm to 1053 nm, where the
thermal lensing at high repetition rates is significantly less.
Dazzler
BS
8-prism stretcher
OPA 1&2
OPA 3
FM
SHG
FM
Figure 1.2: Current system overview, blue blocks highlight the main
changes to the system. BS: beam splitter, FM: flip mirror, SHG: sec-
ond harmonic generation, OPA: optical parametric amplifier stages.
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The optimised full system layout is shown in Fig. 1.2. The ultrabroadband, low
energy pulses originating from the Rainbow oscillator are divided with a beamsplitter
(BS) between the OPA pump and the seed beamlines for the parametric amplifiers.
Figure 1.3: Photos show the short pulse table hosting the stretcher
compressor system and the OPA stages (left) and the pump table with
the regenerative amplifier, the corresponding injection setup and the
multipass amplifier (right).
Approximately 60% of the available energy is directed into a photonic crystal fiber
(PCF), where part of the pulse energy is shifted to the pump laser wavelength of
1053 nm. The PCF output is stretched in a folded Z-configuration compressor style
grating “stretcher” to avoid damage in the subsequent amplifier chain and to achieve
the pump pulse length after gain narrowing that is required for the parametric am-
plification stages. The grating stretcher introduces a controllable negative chirp to
the pulse. The amplification occurs in two steps, first to the level of a few mJs in
a regenerative amplifier with linear cavity and a CW pumped Nd:YLF laser head,
where a flat-top spectral profile is engineered by placing a low-finesse, thin etalon in
the cavity. After spatial profile engineering in a spatial filter with an apodiser, the
pump pulses are further amplified. At this point the beam is optionally amplified
either using the high repetition rate diode pumped Nd:YLF module or in two consec-
utive flashlamp pumped low repetition rate higher-energy modules. The replacement
of the Ti:Sapphire oscillator with a Rainbow (also Ti:S) oscillator calls for the review
of the OPA stages design. Fig. 1.3 presents images of the full system.
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Propagation and Generation of
Few-Cycle Pulses
When developing a few-cycle laser system, the ultrabroadband spectrum exhibited
by the few-cycle pulse must be taken into account rather carefully, as any spectrally
dependent process will significantly affect the extremely “fragile” temporal shape of
the pulse. Any material in the normal dispersion regime will differentiate between
the spectral components1. Measurement and effective control of dispersion is an
extremely important issue in laser sources, where the pulses are as short as a few
optical cycles. In this section, a mathematical framework is given in order to describe
the propagation of few-cycle pulses in material, after which the generation of such
pulses is presented.
2.1 Ultrashort pulse propagation
Due to its ultrabroadband spectrum even a relatively small amount of dispersion can
have a dramatic effect on the temporal shape of a few-cycle pulse. In order to manage
this effect a mathematical description of ultrashort laser pulses is given first before
we continue with a description of methods to change and control the temporal shape
of such pulses.
Assuming that the light field is linearly polarised and neglecting the spatial de-
pendence we can write the electric field strength as:
E(z, t) = A(z, t)eiΦ(z,t) + c.c., (2.1)
1Even propagation in air can alter the pulse temporal duration. A 6 fs long pulse after propagating
in 2 m air (20 fs2/m) will stretch to ∼20 fs.
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withA(z, t) being the temporal envelope, Φ(z, t) = ω0t−kz+φ0 describes the temporal
phase variation of the carrier frequency with ω0 being the carrier angular frequency,
k = nω0/c the wavevector and φ0 the carrier envelope phase, n the refractive index
of the propagation medium and c the speed of light. Often a frame fixed to the pulse
is used, where:
t′ = t− z
vg
, (2.2)
where vg is the group velocity with which the pulse envelope is propagating. From
this point this reference frame is used, unless otherwise stated. To illustrate the
propagation of few-cycle pulses, we will assume that the envelope has a Gaussian
shape and the pulse spectrum is centered around λ0 = 800 nm, corresponding to a
carrier frequency of ω0 = 2πc/λ0 ≈ 2.35 rad/fs and an oscillation period (one cycle
length) of ∼ 2.67 fs (Fig. 2.1). These parameters are a good approximation to the
real pulses emerging from a typical Ti:Sapphire oscillator used in few femtosecond
laser systems.
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Figure 2.1: The electric field of a linearly polarised few-cycle pulse.
The pulse electric field (red) is given by the product of the envelope
(A(t), blue) and the oscillating wave at ω0. Note that this is for the
special case of φ = 0.
The full width at half maximum (FWHM) of a pulse is usually described by the
temporal intensity function I(t), which can be given as:
I(t) =
1
2
ǫ0cn|E(t)|2, (2.3)
where ǫ0 means the vacuum permittivity. When a few-cycle pulse travels through an
optical system which exhibits different wavelength dependent propagation speed or
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delay, due to the large bandwidth, various parts of the pulse spectrum can disperse
in the temporal domain. To study the behaviour of such an optical system precise
description is required.
When dealing with pulses travelling through dispersive media the convolution
integral has to be solved, which can only be done numerically. Therefore it is more
convenient to work in the spectral domain where the convolution becomes a product.
This is done by Fourier transformation of the temporal electric field strength. Note
that a complete equivalent description to the temporal can be given in the spectral
domain. Performing a Fourier transformation on Eq. 2.1, we obtain:
E˜(ω) = F{E(t)} = 1
2π
∞∫
−∞
E(t)e−iωt dt = |E˜(ω)|eiφ(ω), (2.4)
where |E˜(ω)| is the spectral amplitude and φ(ω) the spectral phase. The spectral
intensity represents a quantity that can be experimentally determined and is directly
related to the spectral amplitude. Assuming that the phase is continuous in frequency,
we can expand it in a Taylor series around the central frequency ω0:
φ(ω) = φ0+
dφ
dω
∣∣∣∣
ω0
(ω−ω0)+1
2
d2φ
dω2
∣∣∣∣
ω0
(ω−ω0)2+ 1
3!
d3φ
dω3
∣∣∣∣
ω0
(ω−ω0)3+ 1
4!
d4φ
dω4
∣∣∣∣
ω0
(ω−ω0)4+· · · .
(2.5)
To have a better picture of what the phase derivatives represent, we consider the
effect of each on its own with the other terms set to zero.
When the first term φ0 equals zero the electric field strength reaches its maximum
value at the pulse envelope maximum. This situation is called a “cosine pulse” and
similarly φ0 = −π/2 is called a “sine pulse”. When the maximum of the carrier
oscillation does not coincide with the maximum of the envelope φ0 is referred to as
the absolute phase or carrier-envelope phase (CEP). When approaching the few-cycle
regime — typically < 10 fs for an 800 nm pulse — the envelope amplitude varies
quickly within one oscillation, and this relation becomes very important. The abso-
lute phase typically does not remain stable in a conventional laser system, therefore
controlling and measuring the CEP is required for robust < 10 fs experiments.
The second term dφ
dω
∣∣
ω0
represents the time that is required for the pulse to propa-
gate through the medium, and is referred to as the group delay (GD). This term only
introduces a temporal delay and does not affect the shape of the pulse. Calculating
the group delay function (including all the terms) for the different frequencies gives a
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Figure 2.2: Illustration of the effect of non-zero carrier-envelope
phase, the electric field maximum is offset from the envelope amplitude
maximum. The offset is marked with two dashed lines. Special cases
are when the phase equals to φ = 0 or φ = −π
2
, then the pulse is
referred to as “cosine” or “sine” pulse.
good intuitive picture of the temporal relationship between the spectral components
within the pulse bandwidth.
The third term, the second derivative of the phase d
2φ
dω2
∣∣
ω0
is referred to as the group
delay dispersion (GDD). This term being non-zero corresponds to a linear group
delay function, which results in a temporal delay developing between the different
frequencies. In an ideal CPA stretcher1 this term is dominant and is used to achieve
the required temporal length of the pulse to be amplified, while the ideal compressor
has exactly the same amount of opposite sign GDD. Normally optical materials e.g.
glasses/air exhibit a positive GDD in the visible and near infrared, while negative
GDD is achieved in dispersive optical assemblies with angular dispersion [28, 29].
In reality however, the phase does not usually remain perfectly linear in an optical
system. When dealing with few-cycle pulses due to the large bandwidth, higher-order
dispersion can no longer be neglected.
The third derivative of the phase d
3φ
dω3
∣∣
ω0
is termed third-order dispersion (TOD).
In this case the group delay becomes a quadratic function, which leads to both the
longer and shorter wavelengths with respect to the central carrier frequency being
delayed. This results in an interference between these components and causes a series
1CPA: chirped pulse amplification is a technique used to amplify pulses while avoiding unwanted
intensity dependent optical damage. The concept is to introduce a temporal stretch before amplifi-
cation followed by subsequent recompression to reduce peak intensity in the amplifier medium. This
term will be explained in more details in Chapter 4.
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Figure 2.3: Effect of the presence of third-order dispersion on the
pulse temporal shape. Due to the comparable group delay at the long
and short wavelength edges of the spectrum these components inter-
fere leading to the appearance of post or pre pulses depending on the
sign of the third-order dispersion. Positive sign TOD results in the
appearance of post pulses.
of pre or post pulses depending on the sign (Fig. 2.3). Simultaneous compensation
of GDD and TOD is difficult as in optical systems these values cannot be tuned
independently of each other. Optical glasses in the normal dispersion regime usually
have a positive TOD value.
The fourth derivative
(
fourth-order dispersion, FOD, d
4φ
dω4
∣∣
ω0
)
leads to a large delay
of the spectral components far from the central wavelength, acting to raise long
pedestals before and after the pulse in the temporal domain.
The higher-order terms remaining after careful optimisation of the stretcher com-
pressor system can be — to some extent — compensated by an active pulse shaper
device e.g. an acousto-optic programmable dispersive filter such as a “Dazzler” [30].
The operation of a dazzler is explained in more details in Section 4.3.
2.2 The ultrabroadband seed source
The technology of femtosecond lasers dramatically changed with the demonstration of
the first subpicosecond Ti:Sapphire oscillator [31]. Titanium doped sapphire features
very advantageous properties for high average power, ultrashort pulse generation by
having extremely high gain bandwidth from 700-1100 nm, high thermal conductivity
and relatively high energy storage density. Self-phase modulation (SPM) and chirp
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in the laser crystal and the negative GDD of the chirped mirrors or other dispersion
compensation elements used in the cavity can result in the development of sub 10
fs pulses after several passes. The pulse shortening process is ultimately limited
by the finite bandwidth over which nearly constant negative GDD can be currently
introduced by the mirrors and also the by the finite gain bandwidth of the Ti:Sapphire
crystal.
The ultrabroadband source used for the thesis work, is based on a commer-
cial Kerr-lens mode-locked, compact Ti:Sapphire oscillator (Rainbow, Femtosource
GmbH). The general principle behind Kerr-lens mode-locking is that the pulses that
build up in the laser cavity experience not only self-phase modulation but also self-
focusing due to the nonlinear refractive index of the Kerr medium (in this case the
Ti:Sapphire crystal). The Kerr lensing modifies the mode size in the cavity, which is
designed to favour the high-intensity mode-locked pulse operation.
Coherent Verdi V5
Nd:YVO4, 532 nm, CW 3.0 W
CEP
stabilisation
75 MHz, 130 mW
~15 fs, 800 nm
CM
EM
CP
OC
WP
Ti:S
AOM
P
AL
PM
Figure 2.4: Femtosource Rainbow cavity. P: periscope, AOM:
acousto-optic modulator, AL: aperture and lens, Ti:S: Ti:Sapphire
crystal, WP: wedge plates, PM: picomotor driven mirror, OC: out-
put coupler, CP: compensating plate, EM: end mirror, CM: chirped
mirror pair.
The oscillator provides carrier-envelope phase stable, 6 fs pulses with 2 nJ energy.
The cavity design is shown in Fig. 2.4. The gain medium, a Ti:Sapphire crystal is
pumped continuously by 3 W from a frequency doubled, diode-pumped Nd:YVO4
laser (Coherent Verdi V5). The pump height is set by a periscope, and an aperture
and lens assembly is used for precise alignment of the pump laser to the Ti:Sapphire
crystal. The reflective elements in the cavity are all chirped mirrors for precise com-
pensation of the dispersion accumulated in the Ti:Sapphire crystal and the wedges,
which are used for intracavity dispersion fine tuning. A wedged output coupler (OC)
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and compensating plate (CP) are used to avoid back reflections to the system. The
dispersion of the OC and CP are compensated in a set of extracavity chirped mirrors.
The CP can be moved to fine tune dispersion in order to achieve the shortest pulses.
Kerr-lens mode-locking is initiated by moving the end mirror in the cavity. One mir-
ror in the long arm of the cavity is attached to a picomotor controlled translation
stage to compensate for thermal drift and maintain the oscillator repetition rate at
an externally set value by adjusting the cavity length. Temperature control of the
cavity is achieved via water cooling the baseplate of the oscillator.
The pulses leaving the oscillator are ∼15 fs long due to the dispersion accumulated
in the CEP detection unit, but the full spectrum of the oscillator is compressible to
∼6 fs. The measured spectrum at the output of the oscillator is shown in Fig. 2.5.
600 650 700 750 800 850 900 950 1000
0.0
0.5
1.0
R
el
. i
nt
. (
a.
u.
)
Wavelength (nm)
Figure 2.5: Output spectrum of the CEP stabilised Rainbow oscilla-
tor measured with an OceanOptics USB2000 spectrometer. The spec-
trum corresponds to a 6.2 fs transform limited pulse duration.
As it was pointed out earlier in this chapter (Section 2.1), the CEP being different
from zero has a significant effect on the electric field of a few-cycle pulse. The CEP
control in the oscillator is commercially included, and is based on the monolithic CEP
detection scheme [32]. The entire oscillator beam is focused into a periodically poled
lithium niobate crystal, where self phase modulation (SPM) and difference frequency
generation (DFG) occur at the same time (Fig. 2.6). The DFG is generated between
the low f1 and the high f2 frequency components of the SPM broadened spectrum,
and inherently has zero CEP. The interferometric signal between the overlapping
components of the DFG signal and the broadened low frequency components emerges
around 1300 nm and is split off from the main beam by using a dichroic mirror. The
beating of the signal representing the CE phase is measured with a photodiode placed
in the oscillator, which is connected to a Menlo Systems XPS800 commercial CEP
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stabilisation unit.
SPM broadened
 spectrum
I(f)
f
f1=mfrep+fCE f2=nfrep+fCE
DFG
fDFG=nfrep-mfrep
fCE frep
beat signal at fCE
Figure 2.6: The CEP stabilisation scheme in the Rainbow oscillator.
DFG occurs between the low f1 and the high f2 frequency components
of the SPM broadened pulse. The beat frequency between the DFG
and SPM broadened pulse is equivalent to the carrier envelope phase
frequency fCE. In the diagram n and m represent integer numbers.
The illustration is based on Ref. [33].
The process is very efficient as there is only a 5% power loss, while the signal is strong
enough for reliable CE phase locking. Once the CEP value is determined, the pump
power of the oscillator is slightly modulated by an acousto-optic modulator (AOM) to
vary or lock the CEP via small changes to the nonlinear phase shift in the Ti:Sapphire
crystal.
This single oscillator is used to seed both the signal and pump lines for the OPCPA
system to avoid use of a complex electronic synchronisation scheme and a second
oscillator. A previous implementation of the system with electronic synchronisation
was found to be highly unstable and unreliable [27]. To create pulses for the pump
laser at 1053 nm, wavelength shifting of the oscillator pulse energy is required, which
can be achieved using a photonic crystal fiber (PCF) as described in Chapter 6.
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Diagnostics
To verify optimum pulsed laser operation, the measurement of the pulse energy, spec-
tral distribution and spatial and temporal profiles is required. Determination of most
of these parameters does not involve significant difficulty, except for the temporal
shape, which is usually not a trivial problem for short pulses. Pulse durations down
to few tens of picoseconds can be measured with the combination of the fastest avail-
able photodiodes and fast sampling oscilloscopes. The measurement of shorter pulses
require a different, more sophisticated approach.
In this section, a number of techniques suitable for short pulse temporal measure-
ment are discussed. First of all instruments used to characterise pulses by correlating
the pulse with itself are described, namely the second and third order autocorrela-
tors. Primarily the diagnostics of the OPCPA pump laser picosecond pulses have
been performed with these devices.
At the end of this section a SPIDER apparatus is discussed, which is used to
characterise the full electric field of pulses from ultrafast systems, particularly the ul-
trabroadband few-cycle OPCPA pulses. The existing SPIDER instrument was rebuilt
and re-optimised by the author and results from this diagnostics are discussed.
3.1 Scanning second-order autocorrelation
Autocorrelation is a commonly used technique for measuring the duration of rela-
tively “long” laser pulses. In our system it was used to characterise the few tens of
picosecond temporal duration OPCPA pump pulses. An autocorrelator is relatively
simple to construct and rapid measurement of the pulse can be made.
The instrument layout is based on a Michelson interferometer using a 50:50 thin
pellicle beam splitter. One pulse is variably delayed with respect to the other pulse
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by a motorised translation stage. The linear displacement range of the scanning delay
determines the temporal window of the instrument. In the setup used throughout
this thesis work, the temporal window is about ∼80 ps.
D
FM
BS
DS
Figure 3.1: Scanning interferometric autocorrelator. BS: beam split-
ter, FM: focusing mirror, DS: delay stage, D: detector (LED).
In the actual setup a LED is used in reverse bias as a nonlinear detector, where two
infrared photons generate photo-current (Fig. 3.1). This way the nonlinear crystal
and the detector are combined in a compact, robust device that is inexpensive and
available “off-the-shelf”. The two photon induced current signal recorded from the
autocorrelation of a pulse with E(t) temporal electric field distribution at delay τ can
be written as:
S(τ) =
∞∫
−∞
∣∣(E(t) + E(t− τ))2∣∣2 dt. (3.1)
The second-order signal derived from the recombined pulse is measured with a “slow”
detector, averaging the fringes of the interferometric autocorrelation signal. When
calculating the pulse temporal length a correction factor referred to as the deconvo-
lution factor is required. In the case of Gaussian shaped pulses, this factor is
√
2. A
disadvantage of using second-order autocorrelation lies in the fact that asymmetric
temporal features appear on both sides of the measured signal causing an ambiguity
in time. In addition, complex, non-Gaussian intensity profiles can result in a near
Gaussian shaped autocorrelation signal. This problem can be resolved by using a
third-order autocorrelation.
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3.2 Third-order autocorrelation
A knowledge of the pulse contrast is especially important in laser-matter interaction
experiments, as even very low levels of pre-pulse can cause breakdown of the target
before the arrival of the main pulse leading to plasma formation and flow before
the main interaction. This effect can detrimentally alter the experimental result e.g.
in proton generation, where the irradiation of thin foil targets typically result in
higher proton energies, however below a certain thickness the shock generated by
the laser pre-pulse destroys the target before the arrival of the main pulse [34]. In
experiments with thicker solid targets a pre-pulse would form plasma on the target
affecting efficient absorption of the laser energy leading to a lower density plasma.
A pre-pulse when using a gas target containing clusters would destroy the clusters,
and the main laser pulse would interact with the rarefied plasma. The resulting
interaction is the heating of the gas target with almost the total absence of collisional
ionisation. In addition, in some interaction, when a temporarily custom shaped pulse
is required, a knowledge of the pulse shape is essential to ensure expected experimental
behaviour and the correct operation of a potential closed-loop feedback control for
the pulse shape [35].
Third-order autocorrelation in contrast with second-order correlation techniques
resolves information about asymmetric temporal features, and potentially can be
used to reveal pre-pulse features. To generate the third-order autocorrelation func-
tion, two nonlinear interactions are required. The first step is a second-harmonic
generation process, that generates a signal proportional to I2(t), the second step is a
third-order nonlinear process. There exist several configurations for the third-order
nonlinear process e.g. self-diffraction, polarisation gating or sum frequency genera-
tion geometries, of which we use sum frequency generation due to its relatively easy
implementation [36]. The second process generates sum frequency of the initial I(t)
and the second harmonic I2(t) temporal intensity profiles. The sum frequency signal
is then scanned through the temporal window to be measured, and recorded at all
points corresponding to different delays of τ . The measured signal is given by:
S(τ) =
∞∫
−∞
I2(t)I(t+ τ) dt. (3.2)
With I(t) denoting the pulse temporal intensity profile to be measured. Fig. 3.2
shows an illustration of the measurement setup. A scanning configuration was chosen
to increase the dynamic range of the PMT detector significantly by being able to vary
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filters during the scan. This made measuring contrasts > 106 − 108 order possible.
SHG
SFG
PMT
A
AL
Figure 3.2: Schematic illustration of the scanning third-order au-
tocorrelator. SHG: 2 mm BBO second-harmonic generation crystal,
AL: achromatic doublet lens, D: Dichroic mirror, LDS: precision con-
trolled linear delay stage, SFG: sum frequency generation 2 mm BBO
crystal, A: aperture to block residual beams, IF: interferometric filter,
F: various filters applied for better contrast. PMT: Photomultiplier
tube detector.
The beam entering the device is focused on a 2 mm BBO type-I SHG crystal to
generate the second-harmonic signal. After collimation using an achromatic doublet
lens, the second harmonic and the residual fundamental wave are separated with
a dichroic mirror. The fundamental beam is scanned with respect to the second
harmonic by a right angle prism fixed to a motorised linear delay stage. The actuator
position can be precisely determined, which is important for temporal calibration of
the measurement. The fundamental and the second harmonic beams are then focused
on a 2 mm BBO crystal, where the sum frequency is generated. An aperture is used
to filter out most of the fundamental and second harmonic beams, and any residual is
removed by an interference filter before the PMT detector. Various filters are placed
before the detector during the measurement to extend the measurable contrast range.
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3.3 Spectral phase interferometry for direct elec-
tric field reconstruction — SPIDER
3.3.1 SPIDER technique
Conventional autocorrelation techniques require a priori knowledge of the pulse shape
to determine the pulse duration. When dealing with sub 10 fs pulses, the presence
of higher-order phase can significantly alter the pulse temporal shape. To be able
to control and minimise the pulse temporal duration a full characterisation of the
pulse electric field is needed. A full reconstruction of the pulse amplitude and phase
is possible with frequency-resolved optical gating (FROG) [37, 38], or spectral phase
interferometry for direct electric field reconstruction (SPIDER) [39].
FROG is a characterization method based on the measurement of a spectrally
resolved autocorrelation signal, which is followed by an iterative algorithm to extract
the intensity and phase of the laser pulse. It can be used for pulse durations from
few femtoseconds to several picoseconds and for pulse energies ranging from the nJ
to the mJ regime.
The other technique, SPIDER does not require an iterative algorithm to retrieve
the phase, but to obtain the spectral phase of a pulse of which combined with a
measured spectrum the full electric field can be reconstructed. The SPIDER signal is
generated by measuring the spectrum of the interferometric combination of the spec-
tral shear between the carrier frequencies of two replicas of the pulse to be measured.
The replicas have to be separated by a delay longer than the pulse to be measured.
The spectral shear is generated by upconverting the two replicas in a nonlinear crys-
tal using sum frequency generation. The upconverter pulse has to be temporarily
stretched such that its instantaneous frequency can be considered constant for the
duration of the pulse to be measured. It is usually derived from the pulse to be
measured by a beam splitter and stretched by a dispersive element. The phase in-
formation is carried by the upconverted interferogram recorded with a spectrometer,
which takes the form of:
S(ω) = |E˜(ω)|2+|E˜(ω+δω)|2+2|E˜(ω)E˜(ω+δω)|×cos[φ(ω+δω)−φ(ω)+ωτ ], (3.3)
where E˜(ω) is the electric field frequency domain representation, δω the spectral
shear and φ(ω) is the spectral phase of the pulse. The phase can be extracted by
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a purely algebraic method in the following way. The recorded spectrum is Fourier
transformed and the high-frequency term is windowed with an appropriate window
function e.g. high-order super-Gaussian [40]. The result is then transformed back
to the frequency domain, and the term ωτ is subtracted from the argument which
then gives the phase of the initial pulse. The delay τ between the two pulse replicas
is constant and can be obtained from the interference pattern recorded when the
interferometer arm containing the chirped pulse is blocked. Analysis of the recorded
spectrum is illustrated in Fig. 3.3.
I( ) I(t)
t-
F{ } arg(F-1{ })
φ( )
a) b)
Figure 3.3: Analysis of the SPIDER interferograms a) recorded spec-
trum and b) after performing a Fourier transform, the high-frequency
term at τ is windowed and then inverse transformed back to frequency
domain. c) The argument gives the frequency dependence of the phase
after subtraction of the delay term.
The pulse temporal shape can then be calculated from the measured initial spectrum
and the calculated spectral phase by Fourier transformation back to the temporal
domain. The SPIDER technique is very fast and can give almost real-time information
feedback on the pulse temporal shape when a fast enough computer is used to perform
the recording of the spectra and two consecutive Fourier transformations within a
fraction of a second.
3.3.2 Optimisation of SPIDER for sub 10 fs pulses
The optimisation of a previously home-built SPIDER for few-cycle pulses was per-
formed by the author. The two key parameters that have to be decided when design-
ing a SPIDER are the spectral shear (Ω) and the relative delay τ between the pulse
replicas. These values are related to each other in the following way:
Ω = − τ
GDD
, (3.4)
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where GDD is the group delay dispersion defined earlier, an intrinsic property of the
dispersive material used to stretch the pulse in the SPIDER. It can be seen in Fig. 3.3
that a large enough temporal delay has to be added so that the term windowed at τ is
well separated from the component at t = 0, however if it is chosen to be too large, the
fringe spacing given by 2π/τ would become unresolvable by the spectrometer. The
delay τ has to be chosen to make sure the fringes are well resolved by the OceanOptics
USB2000 spectrometer used to record the interferogram. The spectrometer resolution
at 800 nm is ∼1 THz, which corresponds to a maximum delay of 3 ps in order to
ensure the sampling interval stays below the Nyquist-Shannon criteria.
USB2
eter
DBE
SFG
      
DS
Figure 3.4: SPIDER instrument optimised for few-cycle operation.
α the etalon (E) angle, DB: a dispersive N-SF64 glass block is used
to stretch the upconverting pulse, DS: delay stage used to fine tune
timing, FM: focusing mirror, SFG: sum frequency generation crystal,
A: low pass filter and aperture to filter the infrared beam and to block
the second harmonic of the beams coming from the individual arms,
respectively.
The main source of error in the SPIDER comes from the time delay between the pulse
replicas. Even a small error in the retrieval of this time delay causes a significant
error in the reconstructed pulse duration. To create a stable time delay we employ
a thin (30 µm) uncoated solid fused silica etalon instead of a beam splitter and an
interferometric delay stage in order to create the two pulse replicas separated by
a stable delay of 290 fs (Fig. 3.4). The etalon setup also results in a higher spider
signal compared to e.g. a setup where the delayed pulses are generated in a Michelson
interferometer, where 25% of the pulse energy is lost. The spectral transfer function
can be written as [41]:
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η = R(R− 1)3
(
R− 1 + 1
R− 1 − 2 cos(ω0τ)
)
(3.5)
where ω is the angular frequency, τ the delay between the pulse replicas introduced
by the etalon and R the surface reflectivity of the etalon. The modulation part
(2R(R−1)3) of the equation reaches a maximum value of 0.21 for reflectivity R = 0.25,
in comparison when the delay is created in a Michelson interferometer, the maximum
modulation amplitude is 0.125. The reflectance of the etalon surface can be calculated
from the Fresnel equations:
R =

cos(α)− n
√
1− ( 1
n
sin(α)
)2
cos(α) + n
√
1− ( 1
n
sin(α)
)2


2
(3.6)
with α being the incident angle at the etalon and n the refractive index of the etalon
and the light entering the SPIDER is assumed to be S-polarised.
From the equations above we can calculate the optimal angle for maximum overall
efficiency. Fig. 3.5 shows that maximum efficiency (21%) occurs at a reflection of
0.25, which corresponds to a 68.3◦ incident angle on the etalon.
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Figure 3.5: a) Maximum modulation amplitude vs etalon reflectivity
in the SPIDER, b) required etalon angle for the calculated reflectivity.
A 20 µm thick type-II BBO crystal was chosen as the optimum nonlinear crystal to
ensure sufficient bandwidth is upconverted, as in type-II phase matching the band-
width for the ordinary wave is significantly larger than in type-I configuration, while
the bandwidth for the extraordinary wave is smaller. As only a small part of the
bandwidth given by the spectral shear is actually required, type-II phase matching
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suits the application better.
The operational time window can be calculated as T = 2π/Ω. A chirp of about
13,000 fs2 corresponding to a temporal window of 280 fs is ensured by using a 9 cm
N-SF64 glass block. The temporal resolution can be calculated as ≈ 1/4(∆ω), where
∆ω is the input pulse spectrum FWHM. Assuming >150 nm bandwidth results in a
<0.5 fs resolution.
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Chirped Pulse Amplification
Before the invention of chirped pulse amplification (CPA), laser amplifiers were re-
stricted to directly amplify short pulses [1, 2]. The risk of optical damage in the gain
media due to the self-focusing caused by the change of intensity-dependent refractive
index, was the key limiting process preventing amplification above few-terawatt power
levels even with large beam diameters (∼50 cm). Table top systems using the CPA
technique are capable of delivering intensities 105-106 times higher than those avail-
able in the past. Today, with the generation of increasing energies and more confined
temporal durations, the majority of high-power laser systems apply this technique
together with high-fluence durable thin layer coatings to overcome the problem of
nonlinear effects and optical damage.
Seed pulse
Stretcher Amplifier Compressor
Stretched pulse Stretched and 
ampli
ressed 
pulse
Figure 4.1: Principle of chirped pulse amplification. The short seed
pulse is first stretched in time, typically with a dispersive delay line and
after amplification, compressed back to its original temporal length.
In a CPA system the amplifiers are seeded with low-energy pulses temporally broad-
ened in a dispersive pulse stretcher by introducing a wavelength dependent delay to
a broadband pulse in order to permit for amplification without damaging the gain
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medium. The chirp after amplification is subsequently removed in a pulse compres-
sor which ideally introduces exactly the same amount of chirp with opposite sign,
completely cancelling out any excess phase and resulting in a clean high-energy short
pulse (Fig. 4.1).
Optical setups for stretching and compressing pulses are mainly achieved by using
optics with angular dispersion e.g. grating pairs [42], prism pairs [29, 28] or grism
pairs [43] (which is a monolithic combination of a grating and a prism), but can
be also done by specially designed multilayer “chirped” mirrors [44] or simple ma-
terial dispersion [45]. In general components using angular dispersion to stretch are
extremely sensitive to alignment, especially for few-cycle pulses, where even slight
deviation from optimum orientation can lead to angular chirp and pulse front tilt,
which deteriorates the pulse quality.
The first petawatt laser based on CPA was built in 1996 at the Lawrence Livermore
National Laboratories in USA, where they obtained pulses of 440 fs with energy of 660
J [46], this provided peak power exceeding 1 PW and a focused radiation intensity of
1021 W/cm2. Shortly thereafter similar systems were developed in Osaka University
in Japan with 470 fs, 420 J pulses [47], and at the Rutherford Appleton Laboratories
in UK with 500 fs, 500 J pulses [48]. In the meantime a broadband laser system was
reported to reach a peak power of almost 1 PW with 33 fs, 28 J [49].
Despite the fact that CPA can amplify pulses to such great extent without causing
damage to the optics and the amplifier media in the laser system, the non-uniform
gain bandwidth of the amplifiers usually results in a narrowed amplified spectrum
compared to the original input seed spectrum. This limits the achievable shortest
possible pulse from the laser system. A disadvantage of CPA is the requirement for
precise compensation of the residual chirp in the system. This is crucial especially in
the case of ultrashort, few-cycle pulses, where the compressor must not only compen-
sate for the chirp caused by the stretcher, but it also becomes necessary to account
for the chirp caused by other optics in the system. This leads to a requirement for a
very precise design including the higher-order phase effect of the stretcher-compressor
system.
4.1 Nonlinear effects
Despite the routine use of the CPA technique when amplifying relatively short pulses,
at such high intensities, nonlinear effects can be present. The accumulated nonlinear
phase can result in self-focusing, damaging the optics in the system and self-phase
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modulation (SPM), which can limit pulse compressibility. The B-integral gives a
useful measure of the total nonlinear phase shift accumulated in the optical system.
The calculation of this value usually gives a good estimate for predicting the system
behaviour.
4.1.1 B-integral
The B-integral accumulated during propagation in a system at length L can be cal-
culated as:
B =
2π
λ
L∫
0
I(z)n2(z) dz, (4.1)
where λ denotes the laser wavelength, I(z) represents the intensity of the laser at
position z, n2(z) the nonlinear refractive index for the material. Usually B-integral
values between 1–3 are considered as “safe”, i.e. they do not lead to catastrophic self
focusing which occurs at B values of 4–5. However in a CPA system even small values
of order B≈1 can produce problems when trying to fully recompress a chirped pulse.
In parametric amplifiers the B-integral value can be kept significantly lower than
in conventional CPA systems, this is due to the high gain in a relatively short propa-
gation length in the nonlinear crystal material [50]. This also means that fewer OPA
stages are favourable with high gain.
The accumulated B-integral value can be significantly decreased by reducing the
intensity on the optics by increasing the spatial extent of the pulse. This also leads
to an overall larger system size and a significant increase in cost of the optics. The
limited size of certain optics e.g. crystalline materials can also put an absolute limit
on this approach for OPCPA systems.
If care is not taken the high electric field of the laser pulse can lead to the Kerr
effect, generation of an intensity dependent refractive index in the material. The
temporal influence of the Kerr effect results in self-phase modulation (SPM), which
affects the accumulated phase of the laser pulse along its envelope. The spatial
influence of this process induces the formation of a Kerr-lens resulting in focusing of
the beam in the material, which might lead to optical damage.
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4.1.2 Self-phase modulation
SPM is a third-order nonlinear optical effect. If the pulse intensity I(t) is sufficiently
high, it induces a time-dependent refractive index change in the material given by:
n(t) = n0 + n2I(t), (4.2)
where n0 and n2 are the linear and nonlinear refractive indices of the medium. This
leads to a time-dependent phase shift according to the time-dependent pulse intensity,
which phase change also results in a modified optical spectrum. The instantaneous
frequency of the pulse is written as:
ω(z, t) =
∂Φ
∂t
= ω0 − ω0n2z
c
dI
dt
, (4.3)
where Φ(z, t) = ω0t − kz + φ0 as earlier defined in Eq. 2.1. This equation shows
a frequency shift where dI/dt 6= 0. We can see that for positive values of n2, the
leading edge of the pulse will be red-shifted and the trailing edge blue-shifted. This
effect is often used in the generation of ultrashort pulses.
4.1.3 Self-focusing
An intense optical pulse propagating in a medium exhibiting Kerr-lensing can ex-
perience self-focusing. The intensity dependent refractive index across the spatial
profile of a non flat-top beam, results in the material behaving as a lens, decreasing
the beam radius. The decreased beam radius further increases the intensity, and
therefore leads to even stronger Kerr-lensing. This mechanism can lead to very high
optical intensities, which eventually can destroy the optical medium.
Note that self-focusing can also be caused by other effects, such as thermal lensing.
4.2 The OPCPA stretcher-compressor system
This section presents the current OPCPA stretcher-compressor system, explains the
design considerations and gives an overview of the individual components and their
expected effects on the short pulse duration. More details about the OPCPA stretcher
compressor system can be found in Ref. [27].
The OPCPA signal and pump pulse temporal duration ratio for Gaussian pulses in
order to achieve the best compromise between gain bandwidth and energy extraction
efficiency can be shown to be best for approximately 0.5, a ratio where the pump
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is ∼ 2× longer than the seed pulse. On the other hand, the temporal durations for
both the signal and the pump pulses ideally have to be minimised. This is due to
the difficult fine compensation of the higher-order dispersion terms for the broadband
pulse, while for the pump laser the highest possible intensity is required on the OPA
crystals. The highest possible intensity in the system is typically limited by the
damage threshold of the optics and the B-integral value. These constraints led to
the choice of a minimum pulse duration for the pump pulse of ∼40 ps for the system
described in present thesis work and consequently a stretched signal pulse duration
of 20 ps. However in the first and second OPA stages the signal duration is kept at
about ∼2 ps for the broadest possible bandwidth, as there is only a relatively small
energy extracted from these stages. It must be noted that the pump pulse duration
in the system can easily be made longer if it becomes necessary e.g. due to a larger
system upgrade. This is due to a stretcher implemented in the pump chain as will be
explained later in Section 7.2.
ism
"stretcher"
OPA 1&2
Grating
stretcher
OPA 3
Grating
compressor
+3 ps -5 ps +23 ps -20 ps
Figure 4.2: Block diagram showing the overarching design of the
OPCPA stretcher-compressor system. The red numbers give a rough
estimation of the effect of the individual sub-systems on the pulse du-
ration.
A block diagram in Fig. 4.2 shows a simplified schematic of the OPCPA stretcher-
compressor system. To compensate for the higher-order phase — especially third-
order — accumulated in the system, a prism compressor was implemented (Fig. 4.3a).
However a grating based stretcher and compressor can provide the required stretched
pulse duration, modelling showed that a perfect compression can not be achieved due
to the residual high-order phase in the system that can not be compensated perfectly
with these two setups alone for such broad bandwidth. In a prism compressor setup
the angular dispersion of the first prism creates a spatial separation of the spectral
components of the incoming beam. The second prism is designed in a way that
the longer wavelength spectral components travel longer distances through the prism
material than the shorter wavelength components. The third and second-order phase
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in a prism compressor thus usually appear with a negative sign, which is opposite
to material dispersion e.g. lenses and OPA crystals in the system in the visible-near
infrared wavelength range. Due to the invariance to the sign of the chirp in the
stretched pulse, the prism setup has been placed before the first and second OPA
stages, providing a smaller negative sign “pre-stretch”. This also greatly reduces the
accumulated B-integral in the short pulse system. The setup is similar to the usual
four-prism compressor [28], but at each beam deviation two BK7 prisms were placed
with apex angles of 66◦. This made the beam deviation close to 90◦ allowing the
variation of the chirp by simply translating the four prisms in the middle without
displacing the beam. The incident angle on the prisms was chosen to be close to the
Brewster angle to minimise reflection losses.
Prism "stretcher"
Grating stretcher
Grating 
compressor
ment
Figure 4.3: Schematic illustration of the individual parts of the CPA
system for stretching and compression of the few-cycle pulse. a) Prism
stretcher consisting of eight BK7 prisms with a delay stage providing
flexibility in the dispersion fine tuning, b) grating stretcher with an
8-element lens assembly, c) grating compressor.
A diffraction grating pair when used in a parallel configuration produces negative
second-order dispersion similar to the prisms, however the amount of the negative
GDD produced by a grating pair is usually an order of magnitude larger compared to
a prism setup. If the grating setup is used with the gratings parallel to each other, the
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alignment has to be done with extremely high accuracy to avoid spatial chirp in the
output beam. This constraint can be relaxed by using the gratings in an antiparallel
configuration with a telescope between them to form a so-called Martinez-stretcher
[51]. In this configuration both large negative and positive GDD can be produced,
and controlled by changing the distance between the second grating and the image
of the first grating.
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Figure 4.4: System spectral throughput without amplification mea-
sured after the beamsplitter (grey filled), output of the Dazzler (red),
after the prism stretcher (green), after the grating stretcher (blue).
In the OPCPA setup a Martinez-style grating stretcher was implemented, providing
the large positive GDD in the system (Fig. 4.3b). The stretcher is placed between the
second and third OPA stages and consists of two 1000 line/mm transmission gratings
(product of Holographix llc.) and a lens system, which was designed by a commercial
lens manufacturer (FGoptics ltd.). The lens composite is achromatic, consists of eight
lenses and provides a -1 magnification for all wavelengths of the broadband oscillator
pulse with a large field angle. The main disadvantage of a grating pair stretcher
is the significant TOD (typically positive) that it introduces in the system, which
might be difficult to compensate. In general they also suffer from low efficiencies and
after the typical four reflections on broadband gratings leads to a total efficiency of
∼50-60%. In addition, in a few-cycle OPCPA system it is of crucial importance that
the stretcher-compressor system has wavelength-invariant transmission. When using
diffractive optics with non-uniform efficiency over the large bandwidth of a few-cycle
system, rather it is usually lower at the edges of the spectrum, eventually causing
spectral narrowing. Fig. 4.4 shows the measured system spectral throughput, where
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a significant decrease is visible in the spectral edges after the grating stretcher.
The compressor is constructed from two gratings identical to that in the grating
stretcher in a parallel configuration with a ∼1 cm separation (Fig. 4.3c). The phase
difference for the same grating distances but the gratings facing inside or outside was
calculated by Dr. Emma Springate, and found that a slightly larger higher-order chirp
is present in the compressor system when the gratings are facing inside. Additionally
it must be noted that the gratings are mounted on a tilting platform which allows
extra adjustment on the non-dispersive angle, this provides the possibility to adjust
the higher-order chirp.
To fine compensate residual high-order phase a Dazzler with programmable phase
is placed after the oscillator. The operation of the Dazzler is explained in more details
in the next section.
4.3 Acousto-optic programmable dispersive filter
— Dazzler
The acousto-optic programmable dispersive filter or Dazzler is a versatile tool in
few-cycle CPA systems. The Dazzler provides fine, adjustable, active control over
the phase by the interaction of a programmed acoustic wave and the ultrashort pulse
[52]. The operating principle is shown in Fig. 4.5. An acoustic wave with a controlled
shape is launched into a highly birefringent tellurium dioxide (TeO2) crystal. This
creates a periodic refractive index modulation, which behaves as a Bragg grating. The
propagation speed of the acoustic wave compared to the speed of light is slow such that
it can be assumed stationary during the transit of the short pulse. The anisotropic
interaction between the short optical pulse and the acoustic wave diffracts the optical
pulse from the ordinary to the extraordinary axis of the crystal. The different spectral
components in the optical pulse are diffracted only when the phase matching condition
is met for a particular wavelength and therefore they travel different distances as
ordinary and extraordinary waves. The refractive index difference between the slow
and fast axes results in a varying group delay. This is controlled via the shape of the
acoustic wave. Additionally, the amplitude of the acoustic wave can be customised
by which the optical pulse spectral amplitude can be modified e.g. to counteract gain
narrowing.
On the other hand, there are limitations when using a Dazzler that have to be
considered. The amount of programmable dispersion is limited and directly affects the
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Figure 4.5: The operating principle of the Dazzler: A pre-
programmed acoustic wave is launched into a birefringent crystal cre-
ating a Bragg grating. Spectral components of a short pulse travelling
through the crystal interact with the acoustic wave and diffract at cer-
tain distances in the crystal leading to a wavelength dependent group
delay. Fig. according to Ref. [52]
diffraction efficiency, which is in general ∼30-40%. The efficiency can be increased
by choosing the acoustic wave to fill the entire crystal length, which is achieved
by modifying the amount of programmed GDD. In addition, there is a significant
dispersion caused by the TeO2 crystal in the Dazzler, which also has to be taken into
account1 when designing the few-cycle stretcher-compressor system.
The diffracted and undiffracted beams are separated by the walk-off angle of
∼8◦. As a result a spatial chirp is introduced, as the different parts of the spectrum
are diffracted at different positions of the crystal. This effect can be corrected in the
system by slightly misaligning the eight-prism stretcher after the Dazzler. The Dazzler
can be operated in continuous and triggered mode. When operated in triggered mode,
during the transition of the acoustic wave a bunch of ∼2000 pulses are diffracted.
This also leads to a varying angular chirp among the Dazzler bunch pulses making
it only possible to correct for when amplification is present. In addition, the pulses
located at the rear and front of the Dazzler bunch will be missing spectral components
due to the presence of only a part of the acoustic wave during the transition of the
pulse.
The TeO2 crystal has a high n2 value, therefore in order to minimise B-integral in
1GDD = 12877 fs2, TOD = 8689 fs3, FOD = 5293 fs4
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the short pulse beamline, the Dazzler is placed before the amplification stages.
4.4 Measurement of the phase transfer function
During propagation of pulses as short as a few optical cycles, even a small accumulated
phase can have a significant effect on the temporal shape of the pulses. For example,
when a 6 fs pulse with a central wavelength at 800 nm propagates through a 0.5
cm fused silica glass block, the accumulated phase in the material causes the pulse
to broaden to about 85 fs. It is therefore very important to know what effect the
different optical elements have on the pulse in order to be able to very carefully
design the system for clean compression after amplification of such ultrashort pulses.
Nonlinear techniques e.g. SPIDER which was introduced in Section 3.3.1, are used to
fully characterise few-cycle pulses by measuring the absolute spectral phase and the
spectral intensity, which allows for full reconstruction of the pulse temporal shape.
Figure 4.6: Transfer function R(ω) of a linear system, where the
output is: E ′(ω) = R(ω)E(ω).
SPIDER is a nonlinear technique, and therefore sufficient intensity is required to
drive the nonlinear process required for its operation. A purely linear technique can
however be used for characterisation and measurement of the transfer function of
different optical elements. To characterise the optical elements in the system using
linear system theory we consider a linear time-invariant system with transfer function
defined as (Fig. 4.6):
R(ω) = AR(ω)e
iφR(ω), (4.4)
where AR(ω) is the amplitude transfer function and φR(ω) is the phase transfer func-
tion. While the amplitude transfer function can be determined using a spectrometer,
spectrally resolved interferometry (SRI) provides a convenient solution for measuring
the phase transfer function of the optical elements [53].
The principle is the following: the pulse is divided by a beam splitter in a Mach-
Zehnder interferometer and the linear system with a transfer function R(ω) to be
measured is placed in one interferometer arm (Fig. 4.7). A variable time delay τ is
introduced into the other, so-called reference arm. After recombination of the two
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SP
Broa
Figure 4.7: Schematic for spectral interferometry, a linear technique
based on a Mach-Zehnder interferometer for measuring the phase
transfer function φ(ω) of a system. The measurable device or setup is
placed in one arm of the interferometer. The output is recorded in a
spectrometer (SP).
pulses associated with two different electric fields (E(ω) and E ′(ω)), a time-integrating
detector is used to measure the power spectrum of the sum of the two electric fields,
which includes the crossed term from which the transfer function can be extracted.
This signal is sensitive to the phase difference of the two pulses (φ(ω)− φ′(ω)). The
original phase data of the input pulse appears as an additive factor and is therefore
cancelled out in the phase difference and does not affect the experimental result,
therefore this technique cannot be applied for measurement of the phase of the pulse.
The periodicity of the spectral fringes recorded at the output of the spectrometer
is inversely proportional to the optical path difference between the individual spectral
components of the two pulses, which depends on the phase difference caused by the
linear system. We can write the electric field of the two optical pulses interfering in
the following form:
E(ω) = A(ω)eiφ(ω) (4.5)
E ′(ω) = E(ω)R(ω) = A(ω)AR(ω)e
i(φ(ω)+φR(ω)). (4.6)
The signal detected at the output of the spectrometer can be expanded as:
S(ω) = |A(ω)ei(φ(ω)−ωτ) + A(ω)AR(ω)ei(φ(ω)+φR(ω))|2 =
= |A(ω)|2 + |A(ω)AR(ω)|2 − 2A(ω)2AR(ω)cos(φR(ω)− ωτ),
(4.7)
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Figure 4.8: Recorded spectrally resolved interferograms at different
delays when measuring the effect of the prism stretcher. The arrows
show the wavelengths for which the delay is effective zero, often re-
ferred to as the “stationary-phase point” as the phase changes slowly
around this point (τ represents the delay for 795 nm). Too large a
delay for all the spectral components results in unresolvable fringes.
Note that the dispersion can be estimated intuitively by looking at the
fringe spacing, e.g. on the top plot the longer wavelength components
are less delayed in comparison to the shorter wavelengths indicating
the presence of non-neglectable TOD. A dominant presence of TOD
can result in two stationary points.
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where the term ωτ represents the phase corresponding to the delay added in the
reference arm. During the analysis of the interferograms, the linear system is usually
assumed to have no losses and amplitude transfer term can be neglected A(ω) = 1.
Analysis of the recorded spectrum can be performed according to the application.
In the case of relatively small phase distortion the fast Fourier transformation method
can be applied, which is described for SRI in Ref. [54]. The analysis is similar to the
Takeda algorithm, that was explained briefly for the SPIDER instrument in Section
3.3.1. However application of this algorithm is not possible when the phase difference
causes unresolvable fringe spacing at large delays (Fig. 4.8), which is determined by
the resolution capability of the spectrum analyser. In this case evaluation can be
done on an interferogram recorded at a smaller delay by fitting a modulated cosine
function on the normalised interference fringes (Fig. 4.9). This requires an iterative
method and can take longer than the other fast method, but can be used to determine
the phase transfer function of largely dispersive systems.
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Figure 4.9: a) Normalised spectrally resolved interferogram recorded
close to zero delay (red) and fitted with a phase modulated cosine func-
tion (blue) b) Magnified data within the dashed box in a).
The transfer functions of prism stretcher, grating stretcher and compressor com-
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prising the main elements of the OPCPA seed line were measured individually up to
the fourth order, yielding the values shown in Table 4.1 together with the Dazzler
crystal phase coefficients taken from the manufacturer. Estimated residual chirp is
shown in the bottom line.
Table 4.1: Measured phase coefficients for the optical components in
the short pulse system. Dazzler crystal data is taken from manufac-
turer and correction means the set values.
GDD (fs2) TOD (fs3) FOD (fs4)
Dazzler crystal 12877 8689 5293
Dazzler correction -2877 -8689 -5293
Prism stretcher -3241 ± 207 -12493 ± 1570 -52162 ± 8470
Grating stretcher 17694 ± 578 -16566 ± 7850 55582 ± 41700
Compressor -23938 ± 1046 48128 ± 22100 304425 ± 175700
Residual 500 20000 300000
From the measured phase the group delay is plotted in Fig. 4.10. After adding the
group delay functions for the parts of the system a large third-order residual phase
becomes apparent. This has been also verified experimentally by using the SPIDER
and found to well agree to the phase measurements.
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Figure 4.10: Measured group delay for each component in the system
vs. wavelength. Dazzler crystal data is taken from the manufacturer’s
datasheet and correction means the set values.
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Figure 4.11: Calculated group delay for each component in the sys-
tem vs. wavelength. The plot is taken from [27].
Previously calculations have been performed by Dr. Emma Springate for the stretcher-
compressor group delay (Fig. 4.11). The calculations and the measurements agree
well for the prism stretcher and grating stretcher systems, however there is a signifi-
cant difference in a positive third-order caused by the grating compressor. In addition
the dispersion of the dazzler crystal previously was not taken into account, which
greatly limits the possibly applied phase in the Dazzler, as the crystal dispersion has
to be compensated first.
Dazzler
8-prism
"stretcher"
OPA 1&2
Grating
stretcher
OPA 3
Grating
compressor
+7.5 ps -2.5 ps +15 ps -20 ps
Figure 4.12: Block diagram showing the OPCPA stretcher-
compressor system with the red numbers showing the effect of the
measured individual setups on the pulse duration.
With the values above Fig. 4.2 is required to be modified as in Fig. 4.12. We can
see that the main difference is that the seed pulse is dominantly stretched by the
material dispersion of the Dazzler crystal (TeO2) in oppose to the original system
design, where the signal seed pulse in the first OPA stage is negatively chirped by
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the prism setup. This results in a 5 ps obtained pulse length in the first OPA stage
instead of the originally designed 2 ps.
Spectral interferometry is a very useful linear technique for precise determination
of the phase transfer function of different optical elements or setups. This is of extreme
importance in a few-cycle laser system. With spectral interferometry the amount of
dispersion can also be estimated visually just by looking at the fringe density as it
has been done in Ref. [55]. This gives a very quick means to setup the compressor
of the short pulse system roughly without the need of amplification, after which fine
tuning of higher order terms can be done of the amplified pulses using the SPIDER
apparatus.
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Optical Parametric Amplification
The effective amplification of laser pulses is a central topic in laser science. Optical
parametric chirped pulse amplification (OPCPA) is a promising alternative to con-
ventional gain storage amplifiers. It has several advantageous properties of which
the most remarkable are the large gain bandwidth, the high single pass gain and
scalability. Parametric amplifiers operating in a non-collinear geometry can support
> 100 THz bandwidth, while the single pass gain can be in the order of 104 − 105.
OPCPA systems in theory can be scaled up to reach the highest peak powers, however
the maximum available size of the chosen nonlinear crystal and available pump laser
usually sets a restriction on the system.
This chapter is dedicated to the description of optical parametric amplification
(OPA). First a comparison is given between conventional population inversion gain
storage amplifiers and amplification in an OPA. It then continues with the theoretical
description of light propagation in matter, which is followed by a brief explanation of
the standard analytical model of phase matching condition and the OPA interaction
itself. The phase matching condition is explained with reference to both uniaxial and
biaxial crystals and for both collinear and non-collinear geometry.
The thesis also gives numerical and experimental results on the performance of
bismuth triborate, BiB3O6 (BiBO) [56] as a potential nonlinear crystal in a few-cycle
OPA. BiBO is a relatively newly developed nonlinear crystal, which offers large optical
nonlinearity, flexible phase matching properties and high optical damage tolerance.
It is not hygroscopic and available in moderately large size (up to ∼15 mm) and high
optical quality at relatively low cost. A number of groups have demonstrated very
efficiently various nonlinear frequency conversion processes e.g. SHG, and recently it
was applied as a nonlinear crystal in OPO [57] and OPA systems at 1 µm [58] and at
800 nm [59].
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Numerical calculations on the performance of LBO, BBO and BiBO crystals as a
three stage OPA system were performed with a code written by Prof. Geoff New and
modified by the author. The results show that both BBO and BiBO are potentially
better alternatives than the LBO crystals originally designed for the system.
Finally, the details of the experimental implementation of the BBO and BiBO
crystals for amplification of few-cycle pulses is presented.
5.1 Parametric and conventional amplifiers
The generation of high energy, few-cycle laser pulses is possible by e.g causing spectral
broadening in a suitable medium and subsequent compression by compensation of the
accumulated chirp. The most widely applied method is hollow-fiber pulse compression
(HFPC) [60], which involves the Kerr type nonlinearity of a noble gas, causing spectral
broadening by self-phase modulation in a the medium. However noble gases exhibit
weak nonlinearity, the long interaction length up to 1 m inside the hollow fiber induces
a considerable spectral broadening. Although this method has several advantages e.g.
sub-10 fs pulse durations and excellent spatial quality, self-focusing and ionisation of
the gas medium in the fiber generally limits the output pulse energy to less than a
mJ. Using a hollow fiber with pressure gradient enables energies above 1 mJ [61].
Circularly polarized pulses can also reduce the ionisation occurrence, however this
increased the energy by only 30% [62].
In order to amplify pulses consisting of only a few optical cycles above the few mJ
level, parametric amplification in nonlinear crystals is proven to be a feasible tech-
nique. Since 1992, when Dubietis et al. merged CPA with parametric amplification
(referred to as OPCPA) [63], this has became one of the most widely applied tech-
nique for effective amplification of ultrashort pulses to highest peak powers and is
exploited in large scale systems for example the Extreme Light Infrastructure (ELI)
[16], the Texas Petawatt laser [8], the PETawatt Acquitaine LASER (PETAL) [10]
and the Vulcan 10 PW project of the Rutherford Appleton Laboratory [12, 64].
In optical parametric amplification (OPA) a high frequency and high intensity
beam, referred to as the pump, and a low energy, lower frequency often broadband
and chirped pulse, the signal interact in a nonlinear medium. During the interaction
energy from the pump beam is transferred to the signal pulse and a third new, lower
frequency beam called the idler is created to ensure energy and momentum conser-
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vation (Fig. 5.1a)1. As there is no real atomic transition occurring in the amplifier
medium these virtual energy levels are marked with dashed lines on the figure. This
amplification process has numerous differences compared to conventional gain storage
amplifiers. In conventional amplifiers a population inversion is first created between
two suitable energy levels. Fig. 5.1b shows a four-level system, where energy is de-
livered to the medium in form of the pump, which excites electrons in the medium.
The excited electrons decay into a metastable level with a relatively long lifetime, by
giving out a part of their energy, which is typically dissipated as heat in the medium.
When the electron makes a radiative transition between two discrete states, it acts
like a small electric dipole oscillating at specific characteristic frequencies, the corre-
sponding energies are marked as allowed transitions on the energy level figure (Fig.
5.1b). When an external photon with an energy corresponding to any of the charac-
teristic frequencies is present, it greatly increases the transition probability leading
to another photon being emitted at the same frequency and polarisation state as the
input photon.
Radiationless transition
Allowed
transitions
Metastable state
a) b)
sSignal
p
sSignal
iIdler
Figure 5.1: Schematic illustration of gain processes a) optical para-
metric amplification and b) conventional laser amplification. In op-
tical parametric amplification the amplification of a low frequency ωs
signal pulse occurs via the nonlinear process of difference frequency
generation between the high frequency, high intensity pump (ωp) and
the signal. A new photon at ωi called the idler is also generated. In
conventional amplification a population inversion is created between
two allowed transition energy levels, an input photon at the corre-
sponding transition energy is amplified via stimulated emission from
the populated level.
1It must be noted that the same way an initially existing idler beam can be amplified and the
signal beam generated. However in this thesis we restrict ourselves to the case of the amplification
of a seed beam at the signal wavelength.
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5.2 Technical concerns
In parametric amplifiers very high peak powers are accessible, together with the pos-
sibility of supporting very short pulses, OPCPA allows very high (even 106) single
pass gain [65]. Similar gain would only be possible in a gain storage amplifier with
multiple passes, thus accumulating a high B-integral value. In parametric amplifiers
the gain is directly related to the pump beam intensity and the length of the crystal
(usually a few mm), the amplifier can thus be a compact, table-top system assuming
a suitable pump laser is available. A suitable pump laser can be a high-energy nar-
rowband laser source, e.g. a frequency doubled solid-state IR laser, construction of
which is a well known problem. Additionally there is a very low thermal load in the
nonlinear crystal, apart from parasitic absorption no energy is stored or remains after
the interaction as the conversion of the pump to the signal and idler is instantaneous
and energy conserving. This property allows the development of high repetition rate
systems based on parametric amplification. Much of the challenge then passes to the
development of a high repetition rate pump source for the OPAs, where usually heat
dissipation remains problematic and limits the maximum achievable repetition rate.
OPA has also been demonstrated to conserve the carrier envelope phase (CEP) of
the pulse and this characteristic is very attractive for few-cycle, high intensity laser
systems [66]. All of these attributes allow OPCPA to extend the limits of high peak
power pulse generation at ultrabroadband wavelength ranges.
Parametric amplification of few-cycle pulses has several benefits in comparison to
conventional gain storage amplifiers, nevertheless this technique can also set demand-
ing challenges which are strictly related to the advantages. The main disadvantage
originates from the very strict requirement for a “good quality” pump laser. Due
to there being no energy storage in the OPA’s, the pump and signal beams are re-
quired to be temporally synchronised and the pump beam should have both excellent
temporal and beam profile quality as these properties are directly transferred to the
signal. The timing jitter between pump and signal must also be minimized to ensure
uniform amplification of all spectral components in the chirped signal pulse from shot-
to-shot. Under conditions when the very high gain is combined with low seed energy,
spontaneous parametric fluorescence may decrease the temporal contrast, which is
an equivalent of ASE in conventional amplifiers. It originates from quantum noise
effect within the window of the pump pulse and added to the chirped signal pulse
and gives rise to an approximately flat pedestal surrounding the amplified short pulse
[67, 68, 69, 70]. This is manifest only within the pump duration, therefore it is very
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important that the temporal duration of the pump pulse is carefully chosen com-
pared to the signal pulse. Too short a signal pulse compared to the pump pulse
might deteriorate the contrast, while choosing too long a signal pulse can lead to gain
narrowing, due to the intensity dependent gain in the OPA. Another challenge is the
strict alignment requirement of the system, as the pump to crystal and the signal
to pump angles have to be very precisely aligned and this configuration has to be
maintained over an extended period of operation. Careful management of the pump
and signal pointing is therefore also desired.
Despite the challenges listed above, the advantageous aspects overwhelm the dis-
advantages. The OPCPA technique benefits from many degrees of freedom, and
therefore when developing an OPCPA system it is crucial to carefully optimise the
key parameters, pump and signal temporal ratio, choice of nonlinear crystal and its
length etc, via numerical simulations beforehand. To support the modelling presented
in this thesis a brief overview of the derivation of equations describing the theory of
electromagnetic wave propagation in material will be explained in the next section.
A more complete derivation of the equations can be found in several textbooks e.g.
[71].
5.3 Electromagnetic wave propagation in a mate-
rial
The complete system of equations for describing all electromagnetic phenomena are
the Maxwells equations. The macroscopic differential forms are given as:
∇× E = −∂B
∂t
(5.1)
∇×H = J+ ∂D
∂t
(5.2)
∇ ·D = ρ (5.3)
∇ ·B = 0 (5.4)
where E and H are the electric and magnetic field vectors respectively, B and D
are the magnetic induction and the electric displacement fields. The current density
vector J and the free charge density ρ in optical fibers due to the absence of free
charges in the medium are both considered as J= 0, ρ = 0. For an isotropic medium
such as e.g. in the case of an optical fiber, the relations between E, H and D, B are
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given by the constitutive equations:
D = ǫ0E+P (5.5)
B = µ0H+M (5.6)
where ǫ0 is the vacuum permittivity, µ0 is the vacuum permeability and P, M are
the induced electric and magnetic polarisations, respectively. In our case M = 0 as
our medium is considered to be non-magnetic.
If we take the curl of Eq. 5.1 and using Eq. 5.2 together with Eqs. 5.5 and 5.6
and the relation µ0ǫ0 = 1/c
2, where c is the speed of light in vacuum, the following
equation for the electric field can be obtained:
∇×∇× E = − 1
c2
∂2E
∂t2
− µ0∂
2P
∂t2
. (5.7)
This form of the wave equation can be further simplified, by using an identity from
vector calculus for the left hand side of Eq. 5.7:
∇×∇× E = ∇ (∇ · E)−∇2E. (5.8)
Equation 5.3 implies that ∇ · E = 0, however considering a more general relation
between E and D this is not true, even if the material is isotopic. We can still assume
that this term is usually small and can be neglected in cases of our interest. Then
the wave equation can take the form:
∇2E− 1
c2
∂2E
∂t2
= µ0
∂2P
∂t2
. (5.9)
When light with an electric field E(r, t) interacts with electrons in a medium, the
Lorentz force displaces the electrons by x. The atoms counteract this displacement
by the force qx referred to as dipole moment, where q is the charge of the electrons.
This induced dipole moment per unit volume is called the polarisation density or
induced polarisation P(r, t).
5.4 Nonlinear polarisation in matter
To solve Eq. 5.9, the relation between the induced polarization P and electric field E
has to be determined. If the applied optical frequency is far from the medium reso-
nances then the electric-dipole approximation is valid, and by making the assumption
that the medium response is local, the induced polarisation vector can be written as:
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P(r, t) =ǫ0
t∫
−∞
χ(1)(t− t1)E(r, t1) dt1
+ ǫ0
t∫∫
−∞
χ(2)(t− t1, t− t2)E(r, t1)E(r, t2) dt1 dt2
+ ǫ0
t∫∫∫
−∞
χ(3)(t− t1, t− t2, t− t3)E(r, t1)E(r, t2)E(r, t3) dt1 dt2 dt3 + · · · ,
(5.10)
where χj is the jth order susceptibility, a tensor of rank j+1. If the response of the
medium can be considered as instantaneous compared to the pulse duration (T/τ ≪ 1,
where T is the nonlinear response time of the medium and τ is the pulse temporal
duration) e.g. in parametric processes, then Eq. 5.10 can be approximated by:
P(r, t) ≈ ǫ0χ(1)E(r, t)︸ ︷︷ ︸
PL
+ ǫ0χ
(2)E(r, t)E(r, t) + ǫ0χ
(3)E(r, t)E(r, t)E(r, t)︸ ︷︷ ︸
PNL
. (5.11)
where PL denotes the linear and PNL the nonlinear part of the induced polarisation.
• χ(1) is the linear susceptibility related to the linear refractive index n0 and
absorption.
• χ(2) represents the second-order susceptibility, responsible for second-harmonic
generation (SHG) and sum and difference frequency generation.
• χ(3) is the third-order susceptibility, responsible for third-harmonic generation,
four-wave mixing and nonlinear refraction (Kerr-effect).
In the case of a dispersionless and lossless medium: ǫ0E + PL = ǫ0ǫ
(1)E, where ǫ(1)
is a dimensionless characteristic attribute of the medium referred to as the relative
permittivity [71]. If the material is anisotropic ǫ(1) takes tensor form, but now to
simplify the derivation, we restrict ourselves to the scalar case. We can rewrite Eq.
5.9 as:
∇2E− ǫ
(1)
c2
∂2E
∂t2
=
1
ǫ0c2
∂2PNL
∂t2
. (5.12)
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This equation has the form of a driven wave equation, where the nonlinear response
of the medium acts as a source term.
Let us examine the case when in a nonlinear medium χ(2) is non-zero. A medium
lacking inversion symmetry at the molecular level exhibits χ(2) effects. In this case
the second term in P(r, t) can be written as:
ǫ0χ
(2)E(r, t)E(r, t) = ǫ0χ
(2)
[
E2(r, t)e−2iωt + E∗2(r, t)e2iωt + 2E(r, t)E∗(r, t)
]
, (5.13)
where the component with 2ω represents a new, second harmonic frequency which
has been generated in the interaction. The last component is referred to as optical
rectification, which refers to a static electric field that is created across the nonlinear
crystal. To examine sum and difference frequency generation, the optical field incident
upon a second-order nonlinear optical medium has to consist of two distinct frequency
components ω1 and ω2:
E(r, t) = E1e
−iω1t + E2e
−iω2t + c.c., (5.14)
in this case, Eq. 5.13 can be rewritten as:
ǫ0χ
(2)E(r, t)E(r, t) =2ǫ0χ
(2)(E1E
∗
1 + E2E
∗
2) + ǫ0χ
(2)[E21e
−2iω1t + E22e
−2iω2t
+ E1E2e
−i(ω1+ω2)t + E1E
∗
2e
−i(ω1−ω2)t + c.c.]. (5.15)
We can see that this physical process occurs in addition to the second harmonic for
both frequencies, the sum and difference of the fundamental frequencies appear. In
sum frequency generation, when two photons with frequencies of ω1 and ω2 enter the
nonlinear medium, the two photons are destroyed and one is created at ω3, where
ω3 = ω1 + ω2. On the other hand in the case of difference frequency generation
assuming ω1>ω2, a new photon at ω3 = ω1−ω2 is created. Due to energy conservation
overall three photons must leave the medium, two photons at ω2 frequency and one
at ω3. By convention ω1 > ω2 > ω3, and they are referred to as pump, signal and
idler waves. During this nonlinear process, usually an intense pump beam and a weak
signal beam interacts and the signal beam is amplified and the idler wave is created
via conversion of the pump energy. The signal wave is amplified coherently, retaining
the input waves phase. This is known as optical parametric amplification. Note that
during the nonlinear interaction only processes where a strict energy and momentum
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conversation condition is met will take place efficiently, referred to as phase matching.
In section 5.6 this condition will be explained in more detail.
5.5 The coupled wave equations for parametric am-
plification
We can describe optical parametric amplification by solving the wave equation (Eq.
5.12) assuming a three wave interaction. A more detailed explanation can be found in
[72, 71]. We assume the solution in a general form of a plane wave at ω1 frequency
1:
E1(z, t) = A1(z)e
i(ω1t−k1z) + c.c., (5.16)
where A1 is a slowly varying function of the propagation distance z
2. Substituting
this into the wave equation (Eq. 5.12), and replacing ∇2 with d2/dz2 since the field
A1 only depends on the z coordinate
3, we obtain:
[
d2A1
dz2
+ 2ik1
dA1
dz
− k21A1 +
ǫ(1)(ω1)ω
2
1A1
c2
]
ei(k1z−ω1t) + c.c. =
1
ǫ0c2
∂2P1NL
∂t2
. (5.17)
The nonlinear polarisation can be written as:
P1NL = P1e
−iω1t + c.c., (5.18)
where P1 = 4ǫ0deffE2E3 [71]. After substituting Eq. 5.18, simplifying the equation
and neglecting the second-order term, as the envelope variation was assumed to be
only weakly dependent on z, Eq. 5.17 becomes:
dA1
dz
=
2ideffω
2
1
k1c2
A2A3e
i(−k1+k2+k3)z. (5.19)
This equation is called the coupled-amplitude equation and it shows how the ampli-
tude of the ω1 wave is coupled to the ω1 and ω2 waves, for which analogous equations
with amplitude term A2 and A3 can be derived:
1For convenience the scalar field approximation is used, where e.g. n1 corresponds to the refractive
index of the wave ω1 in the polarisation state of the wave
2This assumption is highly accurate for pulses containing many oscillations of the electric field,
and is still well satisfied for pulse durations comparable to the oscillation period [73].
3This assumption typically does not apply for real laser pulses, however it is usually made, as
restricting the problem to one dimension significantly simplifies the numerical solution.
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dA2
dz
=
2ideffω
2
2
k2c2
A1A
∗
3e
−i(−k1+k2+k3)z. (5.20)
dA3
dz
=
2ideffω
2
3
k3c2
A1A
∗
2e
−i(−k1+k2+k3)z. (5.21)
For parametric amplification we can identify A1 = Ap, A2 = As and A3 = Ai as being
the envelope for the pump, signal and idler beams and ω1 = ωp, ω2 = ωs and ω3 = ωi,
respectively. By solving these equations we can determine the evolution of the signal,
pump and idler waves in the nonlinear crystal.
5.6 Phase matching
In the previous section we described a three-wave down-conversion interaction that
can amplify the input beam in a wide range of wavelengths in a nonlinear material.
Here we discuss the phase matching conditions that have to be fulfilled in order to
create an efficient system based on this process. In the case of optical parametric
amplification, energy and momentum conservation has to be satisfied for the three
interacting waves. Considering a given pump wavelength, the condition for conserva-
tion of energy and momentum is represented by the following equations (Eqs. 5.22
and 5.23):
~ωp = ~ωs + ~ωi, (5.22)
where ωp denotes the pump, ωs the signal and ωi the idler frequencies. This condition
is intrinsically satisfied. The corresponding momentum relation is given by:
~kp = ~ks + ~ki. (5.23)
kp,ks,ki are the pump, signal and idler wavevectors, respectively. This equation is
referred to as the phase matching condition and the phase mismatch is defined as
∆k = kp − ks − ki 6= 0. Although the fulfilment of Eq. 5.23 is not strictly necessary,
it significantly reduces the efficiency of the OPA for ∆k 6= 0. The reason for this
can be found on the microscopic level, when ∆k 6= 0, the waves generated by the
individual atomic dipoles in the nonlinear medium are not in phase and therefore do
not add coherently.
The amplitude of the pump wave at the exit plane of the nonlinear crystal with
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length L can be given by integrating Eq. 5.20 from 0 to L1:
Ap(L) =
2ideffω
2
pAsAi
kpc2
L∫
0
ei∆kz dz =
2ideffω
2
pAsAi
kpc2
(
ei∆kL − 1
i∆k
)
. (5.24)
We can see that for ∆k = 0, the amplitude field changes linearly with length L, and
consequently the intensity changes quadratically with L, which is given by the time
average Poynting vector:
Ip = 2npǫ0c|Ap|2 =
8npǫ0d
2
effω
4
p|As|2|Ai|2
k2pc
3
∣∣∣∣ei∆kL − 1∆k
∣∣∣∣2, (5.25)
where the term in the absolute value can be expressed as:
∣∣∣∣ei∆kL − 1∆k
∣∣∣∣2 = L2 sin2(∆kL/2)(∆kL/2)2 = L2sinc2(∆kL/2) = L2Φ. (5.26)
Φ on its own represents the wave vector phase mismatch and referred to as the phase
mismatch factor. We can see that the maximum intensity is reached for ∆k = 0 and
as ∆kL increases the efficiency of the interaction process decreases.
Maximum initial signal gain is achieved if the phase relationship between the
waves has a constant value of:
Θ = φp − φi − φs = −π
2
. (5.27)
In the normal case, when there is no idler wave entering the nonlinear media (Ii(0) =
0, Ii representing the idler intensity at t = 0), the idler wave “self-adjusts” its phase to
ensure maximum initial gain. The spectral phase accumulates as the waves propagate,
causing the energy flow to reverse back to the pump wave when the pump energy is
fully depleted at θ = 0. However if the phase mismatch is nonzero, the energy reverse
takes place before the energy depletion of the pump wave. This characteristic length
is called the coherence length lc = π/∆k.
Relations for the phases in parametric amplification can be obtained by solving the
imaginary parts of the coupled-wave equations and using the Manley-Rowe relations
[50]:
1To simplify the calculation, we make the assumption that the conversion is relatively small and
the amplitudes of the signal and idler waves do not change significantly.
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dφp
dz
= −∆k
2
f
1− f , (5.28)
dφs
dz
= −∆k
2
[
1− γ
2
s
f + γ2s
]
, (5.29)
dφi
dz
= −∆k
2
. (5.30)
In the above equations f = 1 − Ip/Ip(0) is the fractional depletion of the pump and
γ2s =
ωp
ωs
Is(0)
Ip(0)
is the input signal and pump photon intensity ratio. Integration of
these equations lead to:
φp = φp(0)− ∆k
2
∫
f dz
1− f , (5.31)
φs = φs(0)− ∆k
2
+
∆kγ2s
2
∫
dz
f + γ2s
, (5.32)
φi = φp(0)− φs(0)− π
2
− ∆kz
2
. (5.33)
From the formulas obtained for the pump, signal and idler phases we can make some
important conclusions. First of all, the phase of the amplified signal is independent
of the initial phase of the pump. This is a very important conclusion and makes
amplification using a chirped pump pulse viable, as the phase distortions are not
transferred to the signal pulse. For wavelengths where ∆k = 0, there is no variation
of the phases of the three waves, they stay constant during the amplification and
therefore CEP is also preserved. A change of signal and idler phases takes place for
wavelengths where ∆k 6= 0, and can be given by [50]:
φs(z) = φs(0)− ∆kz
2
+ tan−1
[
∆k tanh
(√
g2 − (∆k
2
)2
z
)
2
√
g2 − (∆k
2
)2
]
, (5.34)
with the gain coefficient g = 4πdeff
√
Ip(0)/(2ǫ0npnsni), where deff is the effective
nonlinear optical coefficient. The phase change is dependent on the pump intensity,
therefore any variation in the intensity of the pump is imprinted on the signal phase.
Phase matching can be achieved in practice in birefringent crystals by tuning
the orientation of the incident light or by tuning the temperature of the crystal.
In birefringent crystals the structure results in a direction where the transmitted
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light does not suffer double refraction, referred to as the optic axis. Light polarised
perpendicular to this axis is called the ordinary ray, where the light refraction occurs
according to the Snell’s law. Light polarised in the plane containing the optic axis is
called the extraordinary ray, and it experiences an angle dependent refractive index,
which can be given for light incident at θ by:
1
n2e(θ)
=
sin2θ
nˆ2e
+
cos2θ
n2o
, (5.35)
where nˆ2e = n
2
e(θ = 90
◦). One can therefore potentially tune the incident angle
until perfect phase matching is achieved for the interacting waves. The drawback
of angle tuning is that the wave vector and the Poynting vector are not parallel for
the extraordinary ray. This is referred to as the “walk-off” effect, and decreases
the efficiency by reducing the spatial overlap of the interacting waves. Note that
phase matching can also be achieved by changing the temperature of the crystal as
for example in lithium niobate which exhibits temperature dependent birefringence,
making it possible to achieve phase matching by holding the angles fixed in the crystal
and varying the temperature.
5.6.1 Bandwidth optimised phase matching
The wavelength dependent phase mismatch determines the characteristics of the per-
formance of an OPA. For broadband amplification we need to extend the phase match-
ing condition to the full OPA signal pulse bandwidth. In general the phase mismatch
∆k is a continuous function of ω, and to study ultrabroadband phase matching it is
convenient to express it as a Taylor series around the signal central frequency ω0:
∆k(ω) = ∆k0 +
∂∆k
∂ω
∣∣∣∣
ω0
(ω − ω0) + 1
2
∂2∆k
∂ω2
∣∣∣∣
ω0
(ω − ω0)2 + · · · (5.36)
In the previous section we could see that in order to achieve ∆k0 = 0, which is
the phase matching condition for the signal central frequency ω0, birefringence of
nonlinear optical crystals can be exploited. To achieve a plateau in the phase matching
function for a broader bandwidth around the central frequency ω0, the first derivative
in Eq. 5.36 should also vanish. To achieve this we need to apply an additional degree
of freedom, which can be realised by introducing a small angle between the signal
and pump waves called the non-collinear angle. This geometry is therefore called
non-collinear phase matching [74, 75] and it is is illustrated in Fig. 5.2, where kp is
the pump, ks1 and ks2 are two slightly different signal wave vectors corresponding two
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different wavelengths in the broadband spectrum, and ki1,ki2 are the corresponding
idler waves, respectively. ∆k is the phase mismatch for the interaction between kp,
ks2 and ki2.
kp
ks1
ki1
ks2
ki2
k
ks1
ki1
Figure 5.2: Non-collinear phase matching configuration, kp pump,
ks1,ks2 two slightly different signal wave vectors, and corresponding
ki1,ki2 idler waves. ∆k denotes the phase mismatch for the interaction
between kp, ks2 and ki2. The projections of ks1 and ki1 onto kp are
shown as black arrows.
The phase-matching conditions are mainly determined by two angles, Θ being the
angle between the optic axis of the nonlinear crystal and the pump wave vector, and
α, the non-collinear angle. We can decompose the phase mismatch ∆k into parallel
and perpendicular components with respect to the pump wave:
∆k‖ = kp − kscosα− kicosβ, (5.37)
∆k⊥ = kssinα− kisinβ. (5.38)
As ∆k is a continuous function of the signal frequency ωs and the pump is monochro-
matic1
∂kp
∂ω
= 0, we can write Eqs. 5.37 and 5.38 in first order:
∂∆k‖
∂ω
= ks
∂α
∂ω
sinα− ∂ks
∂ω
cosα + ki
∂β
∂ω
sinβ − ∂ki
∂ω
cosβ, (5.39)
∂∆k⊥
∂ω
=
∂ks
∂ω
sinα + ks
∂α
∂ω
cosα− ∂ki
∂ω
sinβ − ki ∂β
∂ω
cosβ. (5.40)
After multiplying Eqs. 5.39 and 5.40 with cosβ and sinβ, respectively, assuming there
is no angular chirp in the signal beam
∂α
∂ω
= 0, making
∂∆k‖
∂ωs
=
∂∆k⊥
∂ωs
= 0 and using
∂ki
∂ωs
=
∂ki
∂ωi
∂ωi
∂ωs
= −∂ki
∂ωi
, we can rewrite Eqs. 5.39 and 5.40 as:
1This is a good assumption for “long” pump pulses e.g. several picoseconds.
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vs = vicos(α + β) = 0, (5.41)
where vs and vi are group velocities for the signal and idler waves, respectively. Eq.
5.41 is referred to as the broadband phase matching condition. Note that the use of
non-collinear geometry also has an added practical advantage of easy separation of
signal and pump beams after the interaction has taken place.
To allow optical parametric amplification over an even broader signal bandwidth,
the second-order wavevector mismatch in Eq. 5.36 needs to also vanish. This requires
an additional degree of freedom, such as wavelength dependent non-collinear angle or
a broadband chirped pump pulse. In the case of an angularly dispersed signal beam
Eq. 5.41 becomes:
ks
∂α
∂ωs
sin(α + β) +
1
vi
− 1
vs
cos(α + β) = 0. (5.42)
Alternatively, there are different approaches to provide such an ultrabroadband gain
bandwidth e.g. the use of two pump beams to amplify adjacent spectral components
of the seed bandwidth [76] or pumping subsequent OPA stages with pump beams at
different wavelengths [77].
Note that there are two main configurations for the pump and signal relative
position. The phase matching angle is set by the required angle for the extraordinary
wave. The direction of the ordinary wave is set by the non-collinear angle, which
defines a cone around the extraordinary wave. Fig. 5.3 shows the uniaxial case for
the setup, when the pump propagates as an extraordinary wave. The signal can be
positioned at the angle θ + α, where θ is the phase matching angle of the pump
beam and α is the non-collinear angle, this is closer to the direction where the pump
Poynting vector walk-off is located, e.g. for BBO at θ + α, away from the crystal
axis. This has the advantage that it compensates for the walk-off of the pump beam,
therefore it is called Poynting vector walk-off compensating (PVWC) geometry [78].
However for type-I BBO, SHG at 800 nm can also occur for a phase matching angle of
29◦ (close to the phase matching angle of 24◦) and when using this configuration SHG
of the signal beam can result in additional energy loss [79]. The other configuration,
when the signal angle is θ − α is called the non walk-off compensating geometry
(NWC). For ultra-broadband, few-cycle OPA it is more convenient to use the NWC
geometry to avoid spectral distortions and energy loss due to the generation of second
harmonic of the signal beam [80].
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kp
ks
Figure 5.3: Two non-collinear phase matching configurations with
different signal to pump position, walk-off compensating (PVWC) and
non-walk-off compensating geometry (NWC).
5.6.2 Phase matching in biaxial crystals
Crystals are classified according to the number of optic axes they have. Uniaxial
crystals have one optic axis and they are isotropic within the plane orthogonal to
the optic axis of the crystal (e.g. BBO), while biaxial crystals have more (e.g. LBO,
BiBO). Optic axes are defined in two different ways for biaxial media, directions of
k in which the phase velocities (and corresponding refractive indices n) of the two
orthogonally-polarized waves are equal are called the wave-normal optic axes, while
directions in which the ray-indices n′ are equal (in the direction of Poynting vector),
are referred to as the ray-optic axes. n′ is defined as cos(α) = (n/n′). The walk-off
angle is given by:
tan(θ + α) =
no
ne
tan θ, (5.43)
with θ being the angle defined by the wave vector. Therefore overall four axes can
be defined [81]. In this thesis when referring to optic axis of a biaxial medium, we
refer to the wave-normal optic axes. While uniaxial crystals are well documented
in the literature, description of biaxial media is not uniformly defined. The usual
description found in the literature for the optic axis is that it is the direction in the
crystal in which a ray of transmitted light suffers no birefringence, which is not true
in the more complex case of biaxial media. In uniaxial crystals the refractive index
can be represented by an ellipsoid, while in a biaxial crystal the equivalent surface is
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more complicated (Fig. 5.4).
n
n
n
n
n
n
Figure 5.4: Double-layered index surface of a biaxial medium pro-
jected onto the three Cartesian planes. Solid lines mark the spherical
part of equal refractive indices and dashed lines mark the elliptical
part. Intersection of the two surfaces gives the direction of the optic
axis, as by convention nx < ny < nz, which lies in the xz plane. The
optic axis and z axis angle is Ω. Note that there is another optic axis
symmetrically with exactly the same angle on the other side of axis z.
Let us consider the basic properties that describe the crystal structure. The crystal
unit cell is defined by three vectors a, b and c, and the associated axes are known as
the crystallographic axes abc. The crystallographic axes might not be orthogonal for
some crystals belonging to certain symmetry classes, e.g. BiBO is monoclinic, and
the angle closed by the crystallographic axes ac is β = 105◦. Correct mapping of the
crystallographic axes to an orthogonal xyz coordinate system is unfortunately often
a matter of individual choice in the literature. In this thesis the convention given by
Ref. [82] will be followed (Fig. 5.5). The second-order nonlinear optical susceptibility
is typically given in an orthogonal frame XYZ which is fixed to the crystallographic
frame abc by the following conventions: Y ≡ b and Z ≡ c.
BiBO exhibits monoclinic symmetry and belongs to point group 2, where the x
axis coincides with the b, and the position of the other two axes rotate around b,
weakly depending both on wavelength and temperature [83]. The nonlinearity tensor
components are transformed from XYZ to xyz assuming an angle of φ = 47◦ between
X and z, which corresponds to a wavelength of 810 nm [84]. The optic axis angle to
z is given by:
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c
b
a
Figure 5.5: Crystallographic (abc, red), crystallophysical (XYZ,
black) and dielectric (xyz, blue) frames of BiBO, β = 105◦ [83].
Marked angles are explained in the text.
Ω = arcsin
[
nz
ny
√
n2y − n2x
n2z − n2x
]
. (5.44)
It must be noted that because of the monoclinic structure, in the yz plane the de-
pendence of deff in BIBO on the angle is neither even nor odd function of the angle.
This means that the maximum and the minimum of deff occur in directions that do
not coincide with the principal optical axes, as it is the case in orthorhombic biaxial
crystals e.g. LBO. Therefore in this plane it is possible to phase match an identical
three-wave interaction at two different θ angles with different deff [82]. This is the
case in BiBO in the yz plane where phase matching conditions for parametric am-
plification at 800 nm with 526.5 nm pump are identical for angles of θ = 12◦ and
θ = 178◦, however deff = 1.25 pm/V and deff = 2.84 pm/V, respectively.
The phase matching angle of LBO in xy plane can be given as:
tan2(θ) =
1− U
W − 1 , (5.45)
where U =
(
A+ B
C
)2
and W =
(
A+ B
F
)2
with:
A =
nzs
λs
, B =
nzi
λi
, C =
nyp
λp
, F =
nxp
λp
, (5.46)
with λs, λi and λp being the signal, idler and pump wavelengths and nxyz,isp mean-
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ing the corresponding refractive index for the signal, idler or pump waves [85, 86].
Similarly for BiBO xz and yz planes:
tan2(θ) ∼= 1− U
U − S , (5.47)
where U is the same defined above and S =
(
A+ B
D + E
)2
, but for xz plane:
A =
nxs
λs
, B =
nxi
λi
, C =
nyp
λp
, D =
nzs
λs
, E =
nzi
λi
(5.48)
and for yz plane A, B and C are replaced by:
A =
nys
λs
, B =
nyi
λi
, C =
nxp
λp
. (5.49)
The equations above are valid for collinear phase matching.
5.7 Initial system design
Fig. 5.6 shows the initial system design. Details about the design considerations
can be found in Ref. [27]. The pump laser wavelength was chosen to be 1047 nm
to maximise gain, and the pump system front-end comprised a separate picosecond
Nd:YLF oscillator, which was electronically synchronised to the Ti:S oscillator. This
setup was found to be highly unreliable. The pump laser was designed to provide
98 mJ, 40 ps pump pulses at a kHz repetition rate with a wavelength of 523.5 nm.
The Ti:S oscillator provided 6.6 nJ 12 fs pulses at 75 MHz. Note that in the original
system design no losses were taken into account on propagation through the Dazzler
and the prism stretcher, neither were losses on the grating stretcher included. A total
of three OPA stages was found to provide the required gain, while minimising the
parametric fluorescence by limiting the gain to about 103–104 in each stage. The
OPA stages comprised a 7 mm LBO and a 4 mm LBO. The signal seeding pulse was
designed to be stretched to 2 ps for injection into the first and second OPA stages
and then further stretched to 20 ps before the third OPA stage. A total compressed
output of 14 mJ was expected from the system at maximum operating conditions.
The unreliable pump laser, and the replacement of the Ti:Sapphire oscillator both
required a review and reworking of the OPA design parameters.
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OPA stage 1 & 2
essor
100 
Figure 5.6: Initial design of the OPCPA system with separate os-
cillators. Note that in this setup the pump wavelength was chosen to
be the higher-gain but also more thermally dependent 1047 nm line of
Nd:YLF. BS: beam splitter, BD: Beam dump.
5.8 Choosing an OPA crystal for the few-cycle OPCPA
system
A crystal suitable for few-cycle OPA has to fulfil several strict requirements. First of
all, one of the most important attributes is that the crystal has to support broadband
phase-matching over a large wavelength range, covering the entire bandwidth of the
signal seed pulse. A small non-collinear angle for broad phase matching is preferable in
order to minimize spatial walk-off effects caused by the different propagation direction
of the pump and the signal waves. In addition, high damage threshold is a very
important concern as it allows the use of a high intensity pump beam, which would
enable the use of a shorter crystal, where the phase matching bandwidth is wider and
the spatial walk-off is less significant. A shorter crystal can also be used if the effective
nonlinear coefficient of the crystal is higher. If the nonlinear crystal is hygroscopic,
it results in degradation of the crystal quality over time, unless a protective layer
is applied on the optical surfaces. This can be disadvantageous as it can introduce
phase changes in the broadband pulse or can decrease the optical damage threshold
tremendously. Alternatively keeping the crystal in an oven to minimise moisture and
increase lifetime is feasible and allows the use of a higher intensity pump pulse, but
increases complexity. The crystal should have a large transparency range, should also
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be available in the required size with good optical quality and at a reasonable price.
These very strict operational requirements greatly restrict our possible choices
among nonlinear crystals. A few crystals namely BBO, LBO and BiBO hold these
attributes for the few-cycle laser system described in this thesis, however alternative
nonlinear crystals may be suitable for OPA at 800 nm e.g. KDP, DKDP, CLBO
and YCOB. CLBO is a relatively novel nonlinear crystal with excellent properties
such as broad gain bandwidth and high optical damage threshold. Unfortunately,
CLBO crystals have a tendency to physically crack due to the vapour present in air,
strongly limiting their use within a laboratory environment with humidity over 40%
[87]. YCOB crystals are available in large apertures but they exhibit relatively low deff
of 0.98 pm/V and have a reduced gain bandwidth around 800 nm. KDP and DKDP
suffer from lower nonlinearity, lower damage threshold and reduced phase matching
bandwidth around 800 nm compared to borate crystals with the same thickness.
Nonetheless KDP and DKDP are attractive for amplification of pulses in high-energy
systems as they are available in large apertures (> 200 mm) [88, 89].
Table 5.1: Properties of borate crystals that are suitable for OPA
in the target wavelength range of 650–1000 nm. Damage thresholds
are measured with 100 ps pulses at 1064 nm for LBO [90] and BBO
[91], and scaled to 100 ps from 56 ps pulses at 1064 for BiBO [92]
using F (t1) = F (t2)
√
(t1/t2), with t2 being the pulse length at which
the fluence is known, and t1 where it is in question.
LBO BBO BiBO
Class biaxial uniaxial biaxial
Crystal structure Orthorhombic Trigonal Monoclinic
Point group mm2 3m 2
Effective nonlin. coeff.
(pm
V
)
xy: 0.838 2.02 xz: -2.27
xz: -0.477 yz: 2.84
Damage threshold
(GW
cm2
)
25 10 64
Hygroscopy slightly mildly none
Some of the important properties of the borate crystals LBO, BBO and BiBO are
listed in Table 5.1. We can see that the effective nonlinear coefficient is by far the
highest for BiBO in the yz and xz planes, followed by BBO, while LBO exhibits
the lowest nonlinearity. Damage threshold is relatively high for all the crystals in
question, but among BBO and LBO it is the highest for LBO, which was one of
the main design concerns justifying why it was chosen primarily for the OPA stages
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in the original system architecture. The newly developed crystal BiBO, being non-
hygroscopic and showing a high nonlinear coefficient, appears to be a very attractive
possible substitution.
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Figure 5.7: Overlap of the phase matching factor Φ with a simu-
lated high-order super-Gaussian spectrum ranging from 650-1000 nm
is shown for different sets of phase matching and non-collinear an-
gles for a 3 mm crystal of a) LBO, b) BBO c) BiBO in the yz plane
and d) BiBO in the xz plane. The perfect overlap reaches 1, while 0
means no intersection. The best overlap is marked with a black spot,
and the corresponding difference from perfect overlap is indicated by
∆A in percentage. The angle ranges on the images are scaled to be
the same for easier comparison.
The best phase matching and non-collinear angles for broadband amplification at 800
nm can be found by performing numerical simulations. A code was developed by
the author that calculates the best phase matching and non-collinear angles for each
crystal. As in saturated OPA stages an arbitrary spectrum can be pulled up to a
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square amplified spectrum shape, the full extent of the short pulse spectrum has to
be considered. Therefore in the code a high-order super-Gaussian (∼ 20) spectrum in
the range of the signal spectrum from 650 nm to 1000 nm corresponding to a relatively
flat function at that range is compared to the spectrum of the phase matching factor
Φ, which was calculated as in Eq. 5.26 for a number of different phase matching and
non-collinear angles. The intersection was then integrated and normalised to give 1
at the best match. This gives a good overview of the phase matching conditions over
a large set of different parameters.
The pump wave was assumed to be perfectly monochromatic (526.5 nm) and a
type-I phase matching scheme was used to achieve the largest possible phase matched
bandwidth in the optical parametric amplification. The result for all three crystals
are shown in Fig. 5.7. Broadband phase matching is possible to achieve in different
crystal planes. For example LBO has similar phase matching conditions in both the
xy and xz planes but the effective nonlinear coefficient is almost twice higher in the
xy plane compared to that of the xz plane. Therefore in the calculations only the
plane xy was examined for LBO. Both yz and xz planes were examined for BiBO.
The largest overlap for a range of different phase matching and non-collinear
angles is marked on each figure with a black spot, showing also the corresponding
α and θ values. We can see that the angle acceptance is the largest for LBO as
it changes relatively slowly around the maximum, it is similar for BBO and BiBO
in the yz plane, and smallest for BiBO in the xz plane. The optimal non-collinear
angle is the largest for BiBO, while LBO is the smallest. A small non-collinear angle
is desirable to minimise spatial walk-off of the signal and pump waves in a longer
crystal. ∆A indicates the difference between the integrated super-Gaussian spectrum
and the integrated phase matching factor at a given spectral range, it is normalised
in the range from 0–100 and given as percentage, where 0% corresponds to a perfect
match. All the calculations were performed for a 3 mm crystal length. The coefficients
for the Sellmeier equations were taken from Ref. [82] for LBO and BBO and from
the manufacturer in case of BiBO.
At the calculated best phase matching condition and non-collinear angles for best
overlap with the short pulse spectral range, the phase matching factor and the phase
matching curves were calculated for all the three crystals. The results are shown
in Fig. 5.8 for LBO and BBO and in Fig. 5.9 for BiBO in xz and yz planes. It
is noticeable that phase matching at shorter wavelengths is more difficult, however
initially the system was designed for a different Ti:Sapphire oscillator (Femtosource,
Femtolasers GmbH), producing pulses with 12 fs duration and a spectrum covering
87
Chapter 5. Optical Parametric Amplification
Wavelength (nm)
N
on
−c
ol
lin
ea
r a
ng
le
 (d
eg
)
 
 
600 700 800 900 1000
0.8
1
1.2
1.4
1.6
0
0.2
0.4
0.6
0.8
1
0
0.25
0.5
0.75
1
Ph
as
e 
m
at
ch
in
g 
fa
ct
or
600 700 800 900 1000
0
5
10
Ph
as
e 
m
is
m
at
ch
 ∆
kL
Wavelength (nm)
b)a) LBO
α=1.34°
Θ=14.41°
Wavelength (nm)
N
on
−c
ol
lin
ea
r a
ng
le
 (d
eg
)
 
 
600 700 800 900 1000
2
2.2
2.4
2.6
2.8
0
0.2
0.4
0.6
0.8
1
0
0.25
0.5
0.75
1
Ph
as
e 
m
at
ch
in
g 
fa
ct
or
600 700 800 900 1000
0
5
10
Ph
as
e 
m
is
m
at
ch
 ∆
kL
Wavelength (nm)
d)c) BBO
α=2.38°
Θ=23.97°
Figure 5.8: Phase matching factor vs. wavelength at different non-
collinear angles at the phase matching angle θ giving the best overlap
with a simulated high-order super-Gaussian spectrum at our signal
wavelength range (650-1000 nm) for a) BBO, c) LBO. The calcu-
lated best non-collinear angle α is marked with a black line. At this
marked non-collinear angle the phase matching factor (solid line) and
the phase mismatch (dotted line) is plotted versus wavelength for b)
LBO, d) BBO. The angle ranges are scaled for easier comparison.
700-950 nm. For these parameters LBO offered a perfectly convenient solution, with
its high damage threshold, small non-collinear angle and good phase matching con-
ditions at longer wavelengths. However with the new 6 fs oscillator, with a spectrum
from 650-1000 nm, the wavelength coverage of LBO is not sufficient any more, and
BBO and BiBO offer better overlap in the short wavelength part of the spectrum. We
can see that overall BBO offers the best and BiBO the worst overlap in comparison,
however the large nonlinear coefficient of BiBO (especially in the yz plane) allows the
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Figure 5.9: Phase matching factor vs. wavelength at different non-
collinear angles at the phase matching angle θ giving the best overlap
with a simulated high-order super-Gaussian spectrum at our signal
wavelength range (650-1000 nm) for BiBO a) in the yz plane, c) in
the xz plane. The calculated best non-collinear angle α is marked with
a black line. At this marked non-collinear angle the phase matching
factor (solid line) and the phase mismatch (dotted line) is plotted vs.
wavelength for BiBO b) in the yz plane, d) in the xz plane. The angle
ranges are scaled for easier comparison.
use of shorter crystals, which significantly increases the phase matching bandwidth.
A shorter crystal also results in an improvement of the amplified signal beam spatial
profile due to less walk-off of the signal and pump beams. Note that BiBO has a sharp
cut-off close to 1000 nm, which is more prominent in the xz plane, where the deff is
also lower. In this plane the transform limited pulse length is > 7.8 fs. Therefore in
the following simulations BiBO is considered only in the yz plane.
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It was shown in Section 5.6 that for ∆k 6= 0 the energy flow reverses before the full
depletion of the pump pulse can occur. To see how the crystal length affects phase
matching bandwidth for the three studied crystals, the overlap of the super-Gaussian
spectrum and the phase matching factor was calculated at the best phase matching
and non-collinear angles for different crystal lengths, ranging from 0–10 mm. The
results are shown in Fig. 5.10. For illustration, simulation results from Section 5.10
are partly revealed at this point to support comparison. The required crystal lengths
for approximately equal gains are marked with circles. We can see that although
the difference (∆A) in case of BiBO raises rapidly with increasing crystal length, a
significantly shorter crystal is required to achieve the same gain e.g. compared to
LBO, leading eventually to a smaller ∆A similar to that of BBO.
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Figure 5.10: Difference in % (∆A) between a simulated high-order
Gaussian spectrum at 650-1000 nm range and phase matched spectrum
calculated at broadest amplification determined for different crystal
lengths in the case for BBO, LBO and BiBO (yz).
5.9 Numerical modelling of parametric amplifica-
tion
To maximise OPA gain several design considerations have to be made. Our goal is
to amplify ∼6 fs pulses derived from the Rainbow oscillator from 30 pJ to the few
mJ level. In the previous section it was shown that in order to maximise the OPA
gain bandwidth the crystal length has to be minimised [93]. To achieve maximum
gain in a short crystal the pump fluence has to be maximised, however this is limited
by the damage threshold of the nonlinear crystal. This restricts the overall gain
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achievable per parametric amplification stage. Additionally, although OPAs do not
suffer from amplified spontaneous emission (ASE) as it was explained in Section
5.1, parasitic fluorescence (PF) can be generated. This becomes significant when the
OPA is operating at a very high gain (typically larger than > 104), as at high gain the
probability of the fluorescence process increases. Parametric fluorescence only occurs
in the direction of phase matching, which is equivalent to a cone around the pump at
the non-collinear angle, which is also the propagation direction of the signal beam.
Parametric fluorescence is incompressible due to its incoherent phase and will result
in a pedestal around the amplified signal pulse, having the same temporal duration as
the pump pulse. PF therefore has to be taken into consideration when designing the
OPA stages, and must be suppressed e.g. by limiting the gain to about ∼ 102 − 103
per stage.
The maximum gain achievable from an OPA is limited by the bandwidth support
and emerging PF. This can set a limit when designing an OPCPA system with a
total gain in mind. Usually careful design of multiple OPA stages provides a conve-
nient solution for this problem. In our few-cycle OPCPA system, the initial design
considerations were performed by Dr. Pavel Matousek and Dr. Philip Bates. The
use of three OPA stages was found to be optimal for multi-mJ output energy from
a pJ oscillator while still ensuring sufficiently small gain per stage to minimise PF.
The system consisted of three stages initially with a 7 mm LBO at the first stage,
which was double-passed as a second stage and a 4 mm LBO at the third, final stage.
In the current simulations BiBO and BBO are considered as better alternatives for
replacing the LBO crystals in the current stages.
An analytical model can be given, where the pump depletion is neglected and a
slowly varying signal envelope and flat top spatial and temporal pump profiles are
assumed, the gain G and the phase of the amplified signal φ can be calculated as
[88, 94]:
G = 1 + (γL)2
(
sinhB
B
)2
, (5.50)
φ = tan−1
B sinA coshB − A cosA sinhB
B cosA coshB − A sinA sinhB, (5.51)
where
A =
∆kL
2
, (5.52)
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B =
√
(γL)2 − (∆kL
2
)
, (5.53)
γ = 4πdeff
√
Ip
2ǫ0npnsnicλsλi
. (5.54)
In the above equations ∆k denotes the phase mismatch, L the interaction length
(typically the length of the nonlinear crystal), deff the effective nonlinear coefficient,
Ip the pump intensity, np, ns and ni the pump, signal and idler refractive indices,
respectively and λs, λi denote the signal and idler wavelengths, respectively.
This solution is useful for a first estimation for the parameters of an OPA stage,
as it gives a relatively clear picture for the small gain regime. However for more
accurate calculations of the underlying dynamics, pump depletion and nonlinear phase
effects also have to be included. Therefore to find a possible better nonlinear crystal
candidate and optimal crystal lengths, numerical simulations were carried out using
a one dimensional code written in Fortran by Prof. Geoff New and modified by the
author to fit the current experimental setup.
 steps
ear steps
Figure 5.11: Illustration of the split-step method. The nonlinear
crystal is divided into small steps h. The parametric amplification and
dispersion are handled separately in a nonlinear step and a consecutive
linear step.
The code solves the coupled wave equations using a split-step method that employs
the 4th order Runge-Kutta algorithm. The global propagation distance (in this case
the nonlinear crystal length L) is divided into n small steps of length h to calculate
the numerical solution (Fig. 5.11). The effects of dispersion and nonlinearity are
assumed to act independently along each step. Each of Eqs. 5.19-5.21 can be written
in the form of:
∂A
∂z
= (Dˆ+ Nˆ)A, (5.55)
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where the linear operator Dˆ accounts for the dispersion and the nonlinear operator
Nˆ includes all the nonlinearities along the propagation length. In reality the linear
propagation effects and the nonlinear effects act at the same time on the propagating
pulse, however we assume that when taking a sufficiently small step, they can be
handled separately.
The Runge-Kutta algorithm is highly accurate and has a global error in the order
of O(h4). First, during one full step the nonlinear operator is integrated in the time
domain using the 4th order Runge-Kutta method, while assuming Dˆ = 0. In this
process the signal amplitude at z + h, As(z + h) can be given as
1:
As(z + h, t) = As(z, t) + (Cs1 + 2(Cs2 + Cs3) + Cs4)/6, (5.56)
with the definitions of:
Cs1 =
ih2deffω
2
s
ksc2
Ap(z, t)A
∗
i (z, t)e
−i∆kz, (5.57)
Cs2 =
ih2deffω
2
s
ksc2
(
Ap(z, t) +
Cp1
2
)(
A∗i (z, t) +
C∗i1
2
)
e−i∆k(z+
h
2
), (5.58)
Cs3 =
ih2deffω
2
s
ksc2
(
Ap(z, t) +
Cp2
2
)(
A∗i (z, t) +
C∗i2
2
)
e−i∆k(z+
h
2
), (5.59)
Cs4 =
ih2deffω
2
s
ksc2
(Ap(z, t) + Cp3)(A
∗
i (z, t) + C
∗
i3)e
−i∆k(z+h), (5.60)
where deff is the effective nonlinear coefficient which was assumed to be a constant,
ωs and ks are the signal angular frequency and wavenumber, respectively and ∆k
the phase mismatch. The terms Cp1, Cp2, Cp3, Ci1, Ci2 and Ci3 can be calculated
in a similar way and are given in Appendix A, where the equations for Ap(z + h)
and Ai(z + h) are also given. Dispersion effects act independently on each spectral
component, therefore it is more convenient to work in the spectral domain. After
each nonlinear step the amplitudes are converted to the spectral domain via Fourier
transformation to perform the linear step. The spectral phases are added and then the
field is converted back to time domain, where the next nonlinear step is performed.
1Note that we use the amplitude equations given in Eqs. 5.19-5.21, where now A1 = Ap, A2 = As
are identified as A3 = Ai for the the pump, signal and idler waves.
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As(z + h, t) = F−1
{F{As(z + h, t)}e−i(ksh−ωstp+φ0s)}, (5.61)
Ap(z + h, t) = F−1
{F{Ap(z + h, t)}e−i(kph−ωptp+φ0p)}, (5.62)
Ai(z + h, t) = F−1
{F{Ai(z + h, t)}e−i(kih−ωitp+φ0i)}, (5.63)
with kp = 2πnp/λp, ks = 2πns/λs and ki = 2πni/λi for each spectral component
contained in the pulses. A reference frame fixed to the pump pulse was used during the
calculation: tp =
h
vgp
, where vgp is the group velocity of the pump wave. The phases
are calculated relatively to the central phases (φ0spi). The time window was chosen
to be approximately three times the pump FWHM (∼ 130 ps), and the number of
points was chosen to be 216, which provided a 2 fs temporal resolution. 150 iterations
along the crystal length were adopted, which appeared to be a compromise between
the simulation resolution and the required computational time. The simulations were
carried out in all cases on a PC with reasonable run times.
k
ks
kp
Figure 5.12: A schematic of the phase mismatch calculation in
BiBO, where the signal and idler vectors propagate as extraordinary
waves. The red circle marks the intersection of the possible idler and
pump vectors, and the purple line shows the distance between the curve
set by the idler wavevector and the given pump. The grey dashed line
marks the idler for which the triangle closes.
The code included KDP, BBO, LBO crystals and BiBO was added by the author,
where the geometry was also modified to address the fact that in BiBO the signal
and idler waves propagate as extraordinary waves. In this case the idler angle and
thus the phase matching is not calculated as in the case of most nonlinear crystals.
Usually the angle that closes the triangle is chosen as that which minimises ∆k e.g. in
the case of BBO, LBO and KDP etc. However in the case where the signal and idler
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waves are propagating as extraordinary and the pump as ordinary waves, a different
angle can belong to the minimum phase mismatch as it is shown on Fig. 5.12. The
phase mismatch for a given phase matching and non-collinear angle therefore can be
found by finding the shortest path between the curve of possible idler waves and the
pump wavevector end point. The perfect phase matching angle for a given θ (which
in this situation denotes the signal angle measured from z) and signal wavelength,
can be found by calculating the intersection of the curves of the possible idler and
pump wavevectors.
Currently the code can handle up to three cascaded OPA stages. The code is one-
dimensional, but non-collinearity is included through calculation of the phases of the
waves. Being one-dimensional also means that the code does not directly account for
spatial walk-off effects and beam profile distortions. This could be however included
even in the one-dimensional calculation by modifying the intensity of the interacting
waves by the corresponding value appropriate to the actual spatial beam profile. The
phase matching angles and non-collinear angles can be given as input parameters,
however the code calculates the best possible phase matching angle for the given
non-collinear angle and central signal wavelength. This option in current simulations
is turned off and externally given angles, that were calculated earlier in this section
are used for the calculation, as matching the central wavelength does not necessarily
mean the best possible overlap with the broadband spectrum.
Dispersion can be added in either the time or spectral domain to both the pump,
signal and idler pulses up to third-order, and in the code the possibility of extra
chirp between stages was added to match our experimental setup, where the signal is
further stretched after the second OPA stage. This means a φ2 = 5000 fs
2 initial chirp
in the signal, and a further φ2 = 17000 fs
2 after the second stage with higher-order
terms neglected.
The code includes group velocity dispersion and additional phase due to the non-
linear refractive index of the crystal. Group velocity dispersion (GVD) effectively
results in a time difference developing between the signal, pump and idler waves due
to their different velocities in the crystal. When the interacting beams are not over-
lapped during propagation, the efficiency of the energy exchange drops significantly.
For short lengths (few mm) of the examined crystals and λp = 526.5 nm, λs = 800
nm and λi = 1540 nm the group velocity difference between the pump and idler waves
(where the difference is the largest) stays below a fraction (1%) of the pump pulse
temporal length.
Parametric fluorescence is also neglected, however it can be included by adding
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quantum noise field terms into the coupled wave equations [95, 96]. As we keep our
gain per stage under < 103−104, we can neglect the effect of parametric fluorescence.
A total of three gain stages were studied with BBO and LBO in the xy and BiBO in
the yz plane. The reason for the planes chosen is the higher nonlinear coefficients and
better phase matching conditions. The signal temporal electric field was calculated
separately from experimentally measured oscillator spectrum data.
Table 5.2: Input parameters for the OPA code for crystals LBO,
BBO, BiBO for stage 1,2 and 3.
LBO BBO BiBO
Crystal length (mm) 6 3.5 2.5
S
tage
1
Max fluence J
cm2
1 0.5 0.5
Beam area (mm2) 0.1 0.20 0.20
Phase matching angle (◦) 14.41 23.97 167.87
Non-collinear angle (◦) 1.34 2.38 3.70
Input pump E (mJ) 1 1 1
Input signal E (pJ) 30 30 30
Crystal length (mm) 6 3.5 2.5
S
tage
2
Max fluence J
cm2
0.5 0.3 0.3
Beam area (mm2) 0.2 0.3 0.3
Phase matching angle (◦) 14.41 23.97 167.87
Non-collinear angle (◦) 1.34 2.38 3.70
Input pump E (mJ) < 1 < 1 < 1
Input signal E (µJ) 250 200 120
Crystal length (mm) 3 1.75 1.5
S
tage
3
Max fluence J
cm2
∼ 1.5 < 1 < 1
Beam area (mm2) 0.55 0.95 0.95
Phase matching angle (◦) 14.41 23.97 167.87
Non-collinear angle (◦) 1.32 2.35 3.69
Input pump E (mJ) 9 9 9
Input signal E (µJ) ∼28 ∼30 ∼23
5.10 Numerical modelling results
The input parameters for the simulations are summarised in Table 5.2. The required
crystal lengths were calculated by assuming pump intensities a factor of ∼2 below
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the assumed crystal damage threshold to aim for the possible shortest crystal which
significantly aids phase matching and counteracts spatial walk-off of the beams in the
crystal, while on the other hand staying below a safe limit to account for possible
spatiotemporal impurities in the beam. This results in a lower energy gain in the
second stage, where the crystal is double passed, but the pump energy is depleted
which results in a broader gain. Using slightly smaller non-collinear angle at the final
stage where strong depletion of the pump beam is present, which would otherwise
lead to a broader, more modulated spectrum, in strong depletion it allows us to “pull-
up” the wings of the signal spectrum and achieve a shorter pulse duration. The idler
input energies were assumed to be 0 at each stage, as in practice the idler does not
propagate from one stage to another. Absorption is neglected, however a loss of 50%
is assumed in the grating stretcher between the second and third stages.
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Figure 5.13: Pump (blue) and signal (red) time profiles after am-
plification in stage 1 and 2 in a 3.5 mm BBO. Stage 1 amplification
is barely visible due to the low energy extracted from the pump, it is
marked with a red circle. The time delay between stage 1 and 2 was
introduced to compensate for phase mismatch in the short wavelength
part of the signal spectrum.
In Fig. 5.13 the time profiles of the pump and signal pulses are shown for double
passing a 3.5 mm BBO crystal. During the first pass (stage 1) the pump pulse
depletion is barely visible as there is very small energy extraction in that stage,
however the gain is nearly ∼6600, therefore any higher gain would result in the
appearance of parametric fluorescence. After the second pass (stage 2) the process is
saturated with a gain of ∼300. These parameters result in the best energy extraction
with no bandwidth loss while maintaining good contrast. There is a time delay added
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between stage 1 and 2, where stage 1 is delayed by 10 ps relative to stage 2 (Fig. 5.13).
The amplification was intentionally chosen to be in the front part of the pump pulse
to compensate for phase mismatch in the blue part of the signal spectrum by utilising
the time varying gain driven by the pump temporal profile.
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Figure 5.14: a) Calculated input spectrum, derived from experi-
ment (black filled with grey) and calculated output spectra after 3 OPA
stages using LBO (red), BBO (blue) and BiBO (green) crystals. The
parameters for the simulations can be found in Table 5.2. The cal-
culated temporal FWHMs are indicated on the left. The increasing
noise towards the longer wavelengths is caused by the low sensitivity
of the spectrometer at that range. b) Calculated evolution of the signal
pulse energy in the OPA stages. The graph shows a joint distance of
all OPA stages, where the borders between stages 1 and 2 are marked
with red arrows and between stage 2 and 3 with black arrows for each
crystal. The drops at the end of the second stages are contributed to
losses in the grating stretcher. The saturated energies are marked with
red circles, showing the corresponding output maximum energy of the
three stages.
Fig. 5.14a shows the calculated input and output spectrum of stage 3 for all three
crystals (LBO, BBO, BiBO) with parameters shown in Table 5.2. We can see the
clear cut-off at the shorter wavelengths that was shown earlier in phase matching
calculations. We can conclude that LBO has better phase matching at the longer
wavelengths reaching up to 1050 nm in the infrared part of the spectrum, but also
significantly worse phase matching conditions at the shorter wavelengths compared
to BBO and BiBO. The calculated spectra correspond to a transform limited pulse
durations of 6.96 fs for LBO, 6.46 fs and 7.06 fs for BBO and BiBO, respectively. It
must be noted, that the amplified noise above 1020 nm, due to the low sensitivity
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of the spectrometer is more pronounced for LBO, making the FWHM calculation
for LBO debatable. Fig. 5.14b presents the calculated evolution of the signal pulse
energy as travelling through the OPA stages. The crystal distance is plotted in joint
for all three stages for easier comparison. The loss in the grating stretcher between
the second and third OPA stages is included in the calculations and is visible on the
plot. The higher slopes of BBO and BiBO crystals compared to LBO are the result
of the higher nonlinearity.
Table 5.3: Numerically predicted OPA performance for crystals
LBO, BBO, BiBO for stage 1,2 and 3. The input signal energy to
the first stage is 30 pJ.
LBO BBO BiBO
Output signal E (nJ) 250 200 120
S
t.
1
Gain ∼ 8500 ∼ 6600 ∼ 4000
Output signal E (µJ) 55 60 45
S
t.
2
Gain ∼ 220 ∼ 300 ∼ 380
Output signal E (mJ) 2.33 2.38 2.19
S
t.
3
Gain ∼40 ∼80 ∼95
The final design parameters are summed in Tab. 5.3. Predicted final signal ener-
gies after three OPA stages are about 2–2.5 mJ. Assuming 60% throughput of the
compressor would result as 1.2-1.5 mJ, 7-8 fs output pulses with 10 mJ pump pulse
energy available. As a conclusion, phase matching in BBO offers the best overlap
with the Rainbow oscillator pulses, it supports the shortest pulse temporal length,
and therefore was chosen for the OPA stages. On the other hand BiBO is a possible
substitute.
In case in the future, a significant scale up in the pump energy occurs, only the
third OPA stage needs to be redesigned. Fig. 5.15 shows the required crystal length
for the third OPA stage, when using BBO or BiBO in all three stages. The first
two stage parameters were kept the same. The pump energies on the plot represent
the entire pump energy of which 1 mJ was subtracted in each case to pump the first
two OPA stages. The required crystal lengths were calculated for the third stage in
saturation, while the beam areas were modified accordingly, to keep the fluence below
1 J/cm2 in all cases. We can see that neither in the case of BBO nor BiBO the crystal
length changes significantly. Prediction based on this calculation shows that above
∼100 mJ pump energy, due to the high gain (> 104), the parametric fluorescence
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Figure 5.15: The required crystal length in the third stage (saturated)
in the case of a pump energy upscale, using a) BBO, b) BiBO crystals
in all three stages. The calculations are performed using approximately
the same fluences on the third crystal.
might become significant and an addition of a fourth stage becomes necessary. In
comparison to the original system design this is due to the significantly lower initial
signal energy.
5.11 Experimental parametric amplification results
In the previous section, the theoretical aspects of optical parametric amplification
of a broadband collimated signal were introduced and design considerations were
made for the clean amplification of ∼6 fs broadband chirped pulses around 800 nm
in a three-stage OPA system. To verify these theoretical and computational design
arguments three cascaded OPA stages with the same parameters were implemented
experimentally and the results are discussed in this section.
Table 5.4: Experimental results from the previous OPA setup per-
formed by Dr. Philip Bates using 7 mm and 4 mm LBO crystals.
Stage 1-2 Stage 3
Crystal length (mm) 7 4
Input signal E (nJ) 0.5 2000
Signal duration (ps) 1.5 15
Input pump E (mJ) 0.9 75
Output signal E (mJ) 0.004 0.3
Gain 8000 30
100
Chapter 5. Optical Parametric Amplification
The system performance prior to replacing the LBO crystals can be found in Ref. [27]
and are summed in Tab. 5.4. It must be noted that these results were obtained within
the ∼27 days of operation of the original system due to issues with the commercial
pump laser. Performing experimental tests with the existing LBO crystals in the
current setup was impossible as the significant degradation of the crystal surfaces
caused by moisture within only a couple of years decreased the transmission of the
crystal to about 10%. This highlights the need for the use of a suitable crystal oven,
dry cells or moisture proof coatings when using LBO crystals.
Femtosource
Rainbow
 
OPA stage 1 & 2
essor
Figure 5.16: Current OPCPA experimental setup. WP: waveplate,
POL: polariser, BS: beam splitter, BD: beam dump
The schematic of the current parametric amplifier setup is shown in Fig. 5.16. The
output of the Femtosource Rainbow oscillator is divided between the pump amplifier
chain and the short pulse setup. The pump laser is discussed in details in Chapter
7, and is currently able to deliver 40 ps, 10 mJ, 526.5 nm pulses at 10–200 Hz rep-
etition rate. Higher frequency operation has been demonstrated but concerns over
the fracture limit of the Nd:YLF crystal in the power amplifier stage currently limit
operation for more routine work. The pump laser energy is divided between OPA
stages 1+2 and 3, in the ratio of 1 mJ and 9 mJ, respectively. The division is made
by the combination of a half-waveplate and a polariser to be able to fine tune the
energy division ratio. Delay stages in the pump laser beamline are introduced before
each OPA stage for an independent control of the pump-signal timing. The broad-
band ∼6 fs pulse is temporally stretched in a Dazzler and an 8-prism “stretcher”.
The uncompensated material dispersion caused by the Dazzler crystal combined with
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the consecutive negative chirp from the prisms result in a net positively chirped 5
ps temporal pulse length. The first OPA stage is double passed in a non-collinear
geometry to achieve the broadest gain. The pulse is then further stretched to about
20 ps in a Martinez-style grating stretcher (Section 4.2) before the third OPA stage.
A ∼50% loss was measured after the grating stretcher. None of the OPA crystals were
coated to minimise phase distortions added onto the broadband pulse and maximise
damage threshold, at the expense of additional reflection losses of both pump and
signal at the crystal surfaces.
The first parametric amplifier stage consists of a 5 mm BBO crystal. The non-
collinear and phase matching angles were set up according to the simulation results
discussed in the previous section. Since there is only very small energy extraction
in the first OPA stage, pump depletion is negligible, therefore the crystal is double
passed using the remaining pump pulse, as in the preceding simulations. In addition,
as in the first two OPA stages the signal energy is relatively low, the PVWC geometry
was used to aid spatial overlap on a longer interaction length with relatively small
beam sizes, while in the third OPA stage, the NWC geometry was adopted to avoid
the generation of SHG of the signal1.
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Figure 5.17: Gains in a) stage 1, b) stage 1 and 2 using a 5 mm
BBO. The stages saturate around a pump energy of 0.8 mJ and deliver
around 2 µJ of signal energy.
Fig. 5.17 shows the gains in the first and second stages. The stages saturate around
a pump energy of 0.8 mJ and deliver around 2 µJ signal energy. The overall pump to
signal conversion efficiency is about 2% in the first two stages. The signal and pump
1The geometries are explained in Section 5.6.1.
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beam diameters in both the first and second stages are the same with a FWHM of
∼500 µm and the pump and unamplified signal beam profiles are shown in Fig. 5.18.
a) b)
500
Figure 5.18: Beam profiles of a) signal and b) pump beams at the
first OPA stage. A scale of 500 µm is shown.
The signal to pump temporal ratio is chosen to be low at the first two stages to ensure
uniform gain for spectral components at the boundaries of the full spectrum. The
third OPA stage comprises a 4 mm BBO and is pumped with 9 mJ of energy. The
total amplified signal energy was 0.6 mJ.
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Figure 5.19: Experimental amplified (blue) and unamplified (filled
grey) spectra recorded after the third OPA stage (5 mm BBO in the
first and second stage, 4 mm BBO in the third stage). The intensity
was adjusted for both spectra for easier comparison. The amplified
spectrum corresponds to an 8.51 fs transform limited pulse duration.
The amplified broadband output spectrum ranging from 730–930 nm after the three
BBO stages is shown in Fig. 5.19. The spectrometer used to record the amplified
spectra integrates the signal over the given time period, therefore it includes ∼2000
unamplified pulses selected by the Dazzler. This requires a gain of > 103 to be able
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to measure the amplified spectrum above the integrated background. In Fig. 5.19
the amplification corresponds to a gain of ∼ 2× 107.
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Figure 5.20: a) Measured phase (dashed) with SPIDER and spec-
trum (solid). b) Measured temporal profile (solid) and calculated
transform limited pulse (dashed) from the measured spectrum.
Fig. 5.20a shows the measured spectrum and spectral phase retrieved using the
SPIDER device, from which a pulse with a temporal duration of 40 fs was calculated
(Fig. 5.20b). The large third order dispersion in the system is clearly visible as was
predicted earlier. The experimental results using BBO crystals are summed in Table
5.5.
Table 5.5: Experimental results in the current OPA setup obtained
using 5 mm and 4 mm BBO crystals.
Stage 1,2 Stage 3
Crystal length (mm) 5 4
Input signal E (nJ) 0.03, 60 9000
Signal duration (ps) 1.5 15
Input pump E (mJ) 1 9
Output signal E (µJ) 0.03, 1.8 600
Gain 2000, 30 67
The relatively new material BiBO appears to be a viable alternative to BBO due to
its large nonlinear coefficient. To test BiBO OPA performance, a 2 mm long crystal
cut in the yz plane at 168◦ was placed in the first OPA stage. A gain of ∼104 was
achieved with 1 mJ pump energy, however in order to account for the different phase
matching conditions the geometry should be modified. The signal beam becomes
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the ordinary ray and the pump the extraordinary ray in contrast to LBO and BBO.
Due to the limited time available for the project these tests were carried out in the
geometry between the NWC and PVWC configurations.
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Figure 5.21: Experimental amplified (blue) and unamplified (filled
grey) spectra recorded after double passing a 2 mm BiBO pumped at
1 mJ energy. The intensity was adjusted for both spectra for easier
comparison.
Although BiBO has larger nonlinear coefficient, the non-collinear angle is also larger.
This lead to a shorter interaction length due to the small beam sizes at the first OPA
stage. As the angle was increased to achieve broad phasematching, the walk-off of
the two beams resulted in the output not being powerful enough to be clearly visible
above the Dazzler bunch. Increasing the pump energy eventually lead to damage
on the crystal at a fluence of ∼2 J/cm2. The measured spectrum is shown in Fig.
5.21. Although BiBO is a promising crystal, investigation of applying it in the third,
larger aperture OPA stage could be more beneficial to overall system performance
considering that there is less walk-off present as a result of the larger beam sizes.
5.12 Conclusion on the OPA stages
In this chapter it was shown that parametric amplification is a highly scalable method
that can be applied to directly amplify few-cycle pulses, which then can be exploited
to perform laboratory scale high-field physics experiments. The technique also faces
challenges due to the strict phase matching conditions that have to be precisely met
for broadband amplification.
The previous system design comprised an oscillator with a different spectral range
to that currently used, which called for a review of the design parameters of the
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OPA stages. The phase matching conditions were examined, which involved the
comparison of the existing LBO crystals to the widely used BBO and the relatively
newly developed highly-nonlinear, biaxial BiBO. BiBO has 3.5× larger nonlinear
coefficient compared to LBO, while showing a similar phase matching bandwidth
to BBO. Numerically amplification of 7.06 fs was found to be possible using BBO,
and experimentally a transform limited spectrum of a 8.51 fs pulse was achieved.
The shortest measured compressed pulse duration was 40 fs due to the presence of
residual third-order dispersion in the system. On the other hand the non-collinear
angle is also larger which reduces the interaction length when small beams are used,
suggesting the optimum use of BiBO in shorter-length, larger aperture stages. The
numerical and experimental phase matching studies suggest that BBO has better
phase matching conditions within the range of the ultrabroadband Rainbow oscillator
spectrum, providing a preferable substitution of LBO for few-cycle amplification.
Overall BBO currently provides the best solution for few-cycle amplification of
the Rainbow oscillator pulses in the 650–1000 nm wavelength range.
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Pump-Signal Synchronisation
In contrast to standard gain storage amplifiers based on population inversion, in
optical parametric amplifiers due to the absence of stored energy in the nonlinear
crystal the signal and pump pulses have to be precisely coincident in time and space.
Therefore ensuring strict synchronisation between the pump and seed pulses is a key
requirement for efficient amplification. The difficulties with precise synchronisation
of the pump laser scale inversely with the temporal length of the pulse. While syn-
chronization of nanosecond Q-switched pulses does not require a major effort, they
can only be used for the amplification of several hundred fs pulses. On the other hand
when amplifying pulses in the few-cycle regime, a stretching factor of more than 5-
6 orders of magnitude is typically applied and maintaining perfect compression at
such large scales would be difficult and cumbersome. Dispersion compensation in the
case of few-cycle pulses has to be very carefully compensated, also in higher-orders.
Several tens of picosecond is a more convenient temporal length for stretching few-
cycle pulses, and also the generation of picosecond pulses with good beam quality for
pumping OPAs has been demonstrated before [97, 98, 99]. This means that as the
timing precision between the pump and signal pulses has to be a small fraction of
the pulse durations, in our case robust, long term sub picosecond synchronisation is
desired.
In this chapter the implementation of the optical synchronisation scheme for the
few-cycle OPCPA laser is presented. At the beginning of the chapter, the active and
passive synchronisation schemes are introduced, in particular the optical synchroni-
sation within the passive schemes. In this method only one master oscillator is used
to seed the pump laser and provide an ultrabroadband few-cycle signal seed pulse for
parametric amplification. To obtain energy at the target pump wavelength a pho-
tonic crystal fiber (PCF) is used. To study the propagation dynamics of few-cycle
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pulses in the PCF, after a theoretical description the implementation of a numerical
calculation is presented. The modelling was performed by the author with her own
code. The experimental results agree well with the preceding modelling. In order to
improve coupling efficiency and to protect the bare fiber end fusion splicing of a NL-
PM-750 fiber to a single mode fiber was performed with help provided by Edmund
Kelleher (Photonics group at Imperial College London). The chapter ends with the
improvement of the long term drift of the optical synchronisation setup by locking the
short pulse oscillator frequency to an external source by modifying the cavity length.
6.1 Active synchronisation
A femtosecond Ti:Sapphire oscillator typically operates outside the gain region of the
picosecond pump laser used for pumping the parametric amplifiers e.g. neodymium
doped amplifiers. This means that the parametric amplifiers can require two inde-
pendent oscillators for the signal and pump pulses. The vibrations, thermal drift and
noise resulting in disturbance in the cavity lengths will lead to a fluctuation in the
repetition rates of the two different oscillators.
t
t
Δτ
Figure 6.1: Developing temporal drift (∆τ) caused by different rep-
etition rates of two pulse trains (e.g. OPA pump and seed).
If the repetition rate of the two oscillators are even marginally different, jitter de-
velops. This causes poor temporal overlap between the pump and signal pulses in
the parametric process leading to a degradation in the energy conversion and the
appearance of a shot-to-shot energy fluctuation. In normal operating conditions the
oscillators usually have a warm-up time, while the temperature of the optical compo-
nents stabilise, even small temperature variation leads to a cavity length change, and
108
Chapter 6. Pump-Signal Synchronisation
a continuous temporal drift (Fig. 6.1). The synchronisation in laser systems involving
separate oscillators for OPA pump and seed is referred to as active synchronisation.
The concept is usually achieved experimentally by locking the repetition rate of one
oscillator to the other, or locking both oscillators to an external reference source.
While sub 100 fs synchronisation has been reported [97, 98], the complexity of the
electronics can outweigh the precision advantage and in practice such systems may
be very unreliable.
Previously the pump laser oscillator in our OPCPA setup was a commercial prod-
uct from High Q Laser GmbH. During the operation of closed loop synchronisation,
the movement of the mirror in the oscillator cavity led to a displacement of the beam
and therefore a decrease in the intracavity power. This resulted in a Q-switched
mode-lock operation, where the mode-locked pulses are under a Q-switched envelope.
This led to too high peak power developing in the oscillator, exceeding the damage
threshold of the mode-locking SESAM (semiconductor saturable absorber) [100]. The
net effect was a system unsuitable for delivering a stable experimental platform as it
only achieved ∼27 days of operation over 18 months.
6.2 Passive synchronisation
Synchronisation can be achieved passively by stabilisation of the repetition rates of
the two separate oscillators. Wei et al. achieved self-synchronisation by the Kerr
effect and cross phase modulation (XPM) of two embedded oscillators with different
gain media (two-colour scheme). In this approach the cavities are designed in a way
that both beams cross in one of the laser crystals. The presence of one pulse alters
the cavity characteristics of the other oscillator via XPM, that causes wavelength
shift and the change in round trip group delay. This method accounts for reducing
the timing jitter to sub 3 fs [101]. In terms of complexity, however, this method is
not straightforward to implement, and so does not present an attractive alternative
to active synchronization of two independent mode-locked oscillators. For the sake of
completeness when extreme precision is required the implementation of active elec-
tronic synchronisation in combination with the two colour scheme ∼125 attosecond
synchronisation can be achieved [102].
Thus, our aim is to investigate approaches for eliminating the two oscillator setup
and the cumbersome synchronisation electronics. This can be accomplished with a
scheme called optical synchronisation, where the pump and seed lasers are derived
from a single oscillator source. This represents a robust, conceptually simple way for
109
Chapter 6. Pump-Signal Synchronisation
the realisation of precise synchronisation.
6.2.1 Optical synchronisation
In optical synchronisation both the pump and signal pulses are derived from the same
source. To achieve this, we can differentiate between two main schemes, to generate
seed pulses from an originally pump source and vice versa.
Seed pulses can be produced from parametric superfluorescence and white-light
continuum generation. Parametric superfluorescence can arise when a nonlinear crys-
tal is pumped, amplifying vacuum or quantum noise at the phase matched wave-
lengths. The disadvantage of this method is the shot to shot variation of the process
due to the nature of the initiating quantum noise and poor spatial beam quality [67].
Parametric amplifiers can also be seeded with coherent white light generation by fo-
cusing an intense short pulse into fused silica or sapphire. Despite very good beam
quality higher-order phase compression for such pulses is problematic [75, 103, 104]
especially when large bandwidths are created, e.g. few-cycle regime.
The other technique used to create an optically synchronised system is the use of
a source that is primarily a seed source for the OPA process and the pump pulse is
generated by splitting the seed beam or picking a pump pulse to amplify of the sub-
sequent pulses by a pulse picker. A CEP-controlled parametric amplification system
developed by Hauri et al. uses a CEP stabilised Ti:Sapphire oscillator as the source.
After splitting the beam, the pump pulses are further amplified in a Ti:Sapphire re-
generative amplifier [105]. However this method has an energy upscale limitation,
as the Ti:Sapphire regenerative amplifier would require an upgrade of its own pump
laser.
To achieve high energy few cycle pulses Ishii et al. demonstrated an all-optically
synchronised few-cycle non-collinear OPA system with one master oscillator using the
long wavelength wing of the short pulse oscillator spectrum to simultaneously seed
the pump amplifier system. This reliable, simple technique accounts for sub ∼0.5 ps
inherent synchronisation between the OPA pump and signal pulses [106]. The energy
available at the required wavelength from the short pulse oscillator is usually below
the pJ level. Amplification of such low energy pulses in the picosecond amplifier would
lead to poor contrast due to competition with amplified spontaneous emission (ASE).
Sufficient energy available from the master oscillator can be shifted to the wavelength
of the picosecond amplifier by using a photonic crystal fiber (PCF), while the pulse
retains a Gaussian spectral and temporal shape. By choosing a suitable fiber and fiber
110
Chapter 6. Pump-Signal Synchronisation
length the central wavelength of the shifted pulse can be selected. The use of PCFs
to generate wavelength-tunable soliton pulses has previously been demonstrated in
by Liu et al. [107] and the application of PCF for optical synchronisation has been
first proposed and successfully demonstrated by Teisset et al [108].
6.2.2 Seeding the pump laser with a wavelength shifted soli-
ton
Currently PCFs are subject of intense research, because they show great potential
for various applications due to their exceptional optical properties. The solid fused
silica core is surrounded with an array of microscopic air-filled holes that run along the
entire fiber length (Fig. 6.2). Single mode operation is possible over a wide wavelength
range both in the visible and in the infrared [109]. Due to the small effective core area
the nonlinear effects are strongly enhanced. The dispersion properties can be altered
by adjusting the diameter and lattice pitch (hole-to-hole distance) of the cladding
air holes, making it possible to shift the zero-dispersion wavelength (ZDW) towards
the shorter wavelengths compared to bulk fused silica ZDW (1.3 µm) [110, 111]. By
careful choice of fiber design, the ZDW can be selected according to the application
over a wide range [112].
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Figure 6.2: Anatomy of a photonic crystal fiber, λ and d are the
lattice pitch and the air hole diameter parameters determining the fiber
dispersion properties, on the right: illustration of mode propagation
in the small fiber core.
The combination of the unique dispersion properties and enhanced nonlinearities
means that when ultrashort, high-energy pulses travel through a PCF in the vicinity
of the ZDW their spectrum can undergo intense broadening due to a range of nonlinear
effects. Under certain circumstances it is possible to launch a soliton in the optical
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fiber. The soliton experiences continuous frequency downshifting due to the Raman
effect. Exploiting this effect, the so-called soliton self-frequency shift (SSFS) [113]
is a convenient way to ensure a large amount of energy is converted directly to the
desired pump laser wavelength. The amount of the frequency shift requires careful
design of the fiber length and dispersion properties, but can be controlled to some
extent by adjusting the input energy of the laser pulses.
In order to be able to choose the PCF with the right dispersion properties, nu-
merical simulations solving the generalised nonlinear Schro¨dinger equation (GNLSE)
have been performed.
6.3 Few-cycle pulse propagation in highly nonlin-
ear fibers
When few-cycle pulses are coupled into optical fibers the effect of higher-order disper-
sion is enhanced and this leads to the possibility to observe a large range of nonlinear
effects. The evolution of the electric field in a nonlinear fiber can be described with
the wave equation (Eq. 5.9) that was derived earlier from the Maxwell equations in
Chapter 5.3. Typically, analytical solution for a nonlinear optical system does not
exist and numerical solutions in general are difficult to implement. The derivation of
the nonlinear Schro¨dinger equation from the wave equation is given in Appendix B,
and can be found in more details in Ref. [110]:
∂A
∂z
= − iα
2
A︸︷︷︸
losses
− i
2
β2
∂2A
∂t2︸ ︷︷ ︸
dispersion
+ iγ|A|2A︸ ︷︷ ︸
SPM
. (6.1)
This equation is referred to as the nonlinear Schro¨dinger equation (NLSE), it describes
the light propagation in single-mode fibers, and accounts for the effects of losses
through α, chromatic dispersion via β2 and self-phase modulation (SPM) through γ.
However the scope of Eq. 6.1 is only valid for pulse temporal lengths over 1 ps, and
for ultrashort duration pulses several approximations made during the derivation are
no longer valid. It does not take into account higher-order nonlinear effects such as
stimulated Raman scattering (SRS), self-steepening, higher-order dispersion or cross-
phase modulation (XPM). These nonlinear processes are the dominating effects when
ultrashort pulses propagate in optical fibers. When accounting for these effects Eq.
5.10 can not be approximated as Eq. 5.11 any longer. In this case the dominating
effect is the delayed Raman response, with which the nonlinear polarisation can be
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written in the form of [114]:
PNL(r, t) =
3
4
ǫ0χ
(3)
xxxxE(r, t)
∫ t
−∞
R(t− τ)|E(r, τ)|2 dτ (6.2)
where R(t) is the Raman response function and it satisfies
∫∞
−∞
R(t) dt = 1. The Ra-
man response function includes both electronic and delayed vibrational contributions,
assuming the electronic response is instantaneous it can be written in the form of:
R(t) = (1− fR)δ(t) + fRhR(t). (6.3)
fR is the fractional contribution of the Raman response to the nonlinear polarisation
PNL. The term hR(t) represents the contribution from vibrations of the molecules
induced by the optical field. The amorphous nature of silica fibers makes it difficult
to determine an analytic formula for the measured Raman response, therefore many
attempts have been made to construct a function that fits the experimentally mea-
sured curve. Often it is approximated by a damping oscillation associated with a
single vibrational mode, which results in a Lorentzian-shaped gain [115]:
hR(t) =
(
τ−21 + τ
−2
2
)
τ1e
− t
τ2 sin
(
t
τ1
)
(6.4)
where τ1 and τ2 are adjusting parameters with typical values in silica 12.2 fs and 32 fs,
respectively. A formula that is still simple and fits the experimental spectrum more
precisely was presented by Lin et al. [116]:
hR(t) = (1− fb)
(
τ−21 + τ
−2
2
)
τ1e
− t
τ2 sin
(
t
τ1
)
+ fb
[
2τb − t
τ 2b
]
e
− t
τb , (6.5)
where fb = 0.21 represents the relative contribution of the boson peak, a hump on
the Raman response function in the low frequency <5 THz regime. It is a feature
of amorphous glass-like substances, its physical nature is diverse in the literature.
According to Ref. [117] it is dominantly caused by the symmetric stretching of the
bridging oxygen atom in the Si–O–Si bond, while Ref. [118] states it is related to the
average magnitude and distribution of the Si-O-Si bond angles. By using τb ≈ 96 fs,
fR = 0.245 approximates the experimentally measured Raman spectrum well. During
the simulations this form of the Raman response was used.
To arrive to an equation more precisely handling few-cycle pulses, the frequency
dependence of γ and α have to be also included:
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γ(ω) = γ(ω0) + γ1(ω − ω0), (6.6)
α(ω) = α(ω0) + α1(ω − ω0), (6.7)
with γ1 = dγ/dω and α1 = dα/dω, both evaluated at ω0. γ1 contains the frequency
dependence of the nonlinear refractive index n2, and the effective mode area Aeff, but
in practice it is often approximated as γ1 = γ/ω0. With these extensions we obtain:
∂A(z, t)
∂z
= −1
2
(
α(ω0) + iα1
∂
∂t
)
A(z, t) +
N∑
n=2
in+1
n!
βn
∂nA(z, t)
∂tn
+ iγ
(
1 +
i
ω0
∂
∂t
)
A(z, t)

 ∞∫
−∞
R(τ)|A(z, t− τ)|2 dτ

 . (6.8)
This equation can be used for few-cycle pulses, with high-order dispersion included up
to the Nth order. In the next section solving this equation with numerical methods
will be explained.
6.4 The split-step Fourier method for simulating
pulse propagation in nonlinear fibers
The GNLSE derived in the previous section (Eq. 6.8) describes the different physical
phenomena encountered when ultrashort pulses propagate through dispersive and
nonlinear fibers. The equation contains the effects of losses, higher-order dispersion,
SPM, self-steepening and Raman scattering which make it impossible to solve it
analytically. There are several different numerical approaches that can be adopted,
however the split-step Fourier method (SSFM) [110] and the fourth-order Runge-
Kutta interaction picture (RK4IP) [119, 115] are the most extensively used, both
robust and efficient procedures to calculate the solutions of the GNLSE.
The SSFM is the most commonly employed method for solving the propagation
equation, due to its easy implementation and speed compared to other techniques, for
example finite difference methods [120]. The method was briefly explained in Section
5.9. In the SSFM the global propagation distance is divided into small steps of length
h to calculate the numerical solution. The effects of dispersion and nonlinearity are
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assumed to act independently along each step. Eq. 6.8 is written as:
∂A
∂z
= (Dˆ+ Nˆ)A (6.9)
where now the linear operator Dˆ accounts for dispersion and losses and the nonlinear
operator Nˆ includes all the nonlinearities along the propagation length. The definition
of the operators are:
Dˆ = −α
2
+
N∑
n=2
in+1
n!
βn
∂n
∂tn
, (6.10)
Nˆ = iγ
∞∫
−∞
R(τ)|A(z, t− τ)|2 dτ − γ
ω0
1
A(z, t)
∂
∂t

A(z, t) ∞∫
−∞
R(τ)|A(z, t− τ)|2 dτ

 .
(6.11)
where we neglected the frequency dependence of the absorption. Eq. 6.9 has an exact
solution given as:
A(z + h, t) = eh(Dˆ+Nˆ)A(z, t) (6.12)
Individually both the linear and nonlinear parts have analytical solutions. According
to the Baker-Hausdorff theorem, the following statement is true for non-commuting
operators:
ehDˆeNˆ = eh(Dˆ+Nˆ)+
h2
2
(DˆNˆ−NˆDˆ)+···. (6.13)
This shows that the error in simply separating the operators is the result of the non-
commuting nature of the dispersive Dˆ and the nonlinear Nˆ operators. Ignoring the
h2 terms in the equation with a relatively small numerical error scaling with h2 will
yield:
eh(Dˆ+Nˆ) ≈ ehDˆeNˆ. (6.14)
The error can be further reduced by slightly modifying the procedure, and dividing
the linear step into two, and including the nonlinear step in the center of the seg-
ment. This method is called the symmetrised SSFM. A schematic illustration of this
procedure is in Fig. 6.3.
First during a half step the linear operator acts assuming Nˆ = 0, then the non-
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Figure 6.3: Illustration of the symmetrised split-step Fourier method.
The fiber is divided into small steps h, the optical field is calculated by
assuming that the linear (Dˆ) and nonlinear (Nˆ) operators act inde-
pendently. The operators are non-commuting, therefore to aid accu-
racy the linear operator is further split into two parts and acts before
and after the nonlinear operator at step sizes of h/2.
linear operator acts alone, while Dˆ = 0, then we take another half step, letting the
linear operator act again alone, in the following way:
A(z + h, t) ≈ eh2 Dˆe
z+h∫
z
Nˆ(z′) dz′
e
h
2
DˆA(z, t). (6.15)
Dispersion can be applied separately on each frequency component, therefore the
linear operator yields an analytical solution in the spectral domain. However, the
nonlinear operator is applied in the time domain. Thus, several Fourier transforma-
tions have to be performed (8 per step).
Input
A(z, t)
FFT
F{} ·e
h
2
Dˆ
IFFT
F−1{} ·ehNˆ
FFT
F{} ·e
h
2
Dˆ
IFFT
F−1{}
Output
A(z + h, t)
Figure 6.4: Schematic illustration of the symmetrised split-step
Fourier method for solving the Nonlinear Schro¨dinger equation.
The spatial dependence of the nonlinear term is more accurately described by an
integral, but if the step size is small it can be approximated by ehNˆ. A schematic
illustration of the method is in Fig. 6.4. Note that on the illustration only four
Fourier transformations are highlighted, eight more are nested within the nonlinear
operator.
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6.5 Considerations for simulation parameters
The simulations were performed with a code written by the author in Matlab. A low-
level language such as C or C++ would have made a better choice and would result
in a significantly faster, more optimised simulation but due to the readily available
large choice of functions, quick plotting tools and smaller functions written by the
author already lead to the choice of Matlab.
The time window applied during the calculations was 10 ps, which corresponds to
a 0.1 THz frequency resolution. The number of steps was chosen to be 215 giving a
∼3200 THz frequency window well containing the expected 500-600 THz supercon-
tinuum spectrum.
The implementation of the split-step Fourier method requires a careful consid-
eration of the step size along the fiber length as we saw earlier it is related to the
numerical error accumulating during the simulation. This means that choosing a
small step size for accurate solution, the simulations can take excessive computa-
tional power, and extremely long time in case of very long fibers. Typically the step
size is chosen by keeping a certain criterion in mind. There are two quantities, the
dispersion LD and the nonlinear LNL characteristic lengths that can be defined in the
following way:
LD =
T 20
|β2| , (6.16)
LNL =
1
γP0
. (6.17)
The quantities in the above equation represent the initial pulse temporal FWHM T0,
the group velocity dispersion (GVD1) parameter β2
2, the nonlinear fiber parameter γ
and the initial pulse peak power P0. The physical meaning of LD is the propagation
length at which a Gaussian pulse broadens by a factor of
√
2 due to group velocity
dispersion. LNL corresponds to the propagation length at which the nonlinear phase
change due to SPM equals to 1 radian. For the split-step Fourier method the step
size must be chosen to be smaller than these characteristic lengths.
The step size can be chosen to be constant during the propagation or an adaptive
algorithm can be used to adjust the step-size during the calculation. An adaptive
1The quantity termed as GDD in section 2.1 is more often used in general optics when describing
specific optical systems, however in fiber optics the GVD, which is the GDD accumulated per unit
length is more representative.
2Defined in Eq. B.12 in Appendix B.
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step size although requires 50% more Fourier transformations, but yields a solution
that is third-order accurate. It can also speed up the calculation in some cases as the
step size is calculated according to the relative size of the local error. A method was
proposed for a step-size error criterion explained in Ref. [121]. In this method the
solution is calculated at the step h+ 2h in one step, and at h+ 2h in two steps and
the error is calculated as:
δ =
||Az+h+h − Az+2h||
||Az+h+h|| . (6.18)
If the error is larger than a pre-set number the step size is reduced by dividing with 21/3
if the error is smaller, the step size can be increased by multiplying with the same
factor. This method is extremely useful in e.g. kilometer long fiber calculations.
However in the case of short fibers (∼ under a meter) an intuitive constant step
size can provide sufficient accuracy without the requirement of significantly extensive
computational time.
6.6 Numerical results for few-cycle pulse propaga-
tion in nonlinear fibers
6.6.1 Computational implementation
The code for performing the simulations was written in Matlab by the author. It
solves Eq. 6.8 with the symmetrised split-step Fourier method described in the pre-
vious section. The code includes higher-order dispersion effects, SPM, self-steepening
and the Raman effect. In the first step, the complex electric field of the pulse is
generated using the author’s other code written for the OPA simulations which gen-
erates arbitrary time profile and also reads in experimentally measured spectrum to
calculate the corresponding electric field profile with the possibility to add arbitrary
phase. In the second step the dispersion curve in the linear operator is calculated.
The dispersion is taken into account up to the 10th order. This is followed by the
calculation of the Raman response function according to Eq. 6.5. The main loop
contains one half step calculated with the linear operator, a full step with the non-
linear operator and another half step with the linear operator at it was described in
the previous section.
To ensure the code produces correct results, the parameters from Ref. [122] section
V./A were taken. The results plotted in the 3rd Fig. in the reference, where the effects
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of SPM, Raman effect, soliton fission, dispersive wave generation can be observed to
allow for cross checking with the code. The input hyperbolic pulse with 50 fs duration
and 10 kW peak power travels through a 15 cm fiber piece with dispersion parameters
listed in Table. 6.1. These dispersion parameters result in a ZDW located around
780 nm.
Table 6.1: List of dispersion Taylor coefficients expanded around 835
nm [122].
Taylor coeff. value unit
β2 −11.830 ps2/km
β3 8.1038e-2 ps
3/km
β4 −9.5205e-5 ps4/km
β5 2.0737e-7 ps
5/km
β6 −5.3943e-10 ps6/km
β7 1.3486e-12 ps
7/km
β8 −2.5495e-15 ps8/km
β9 3.0524e-18 ps
9/km
β10 −1.7140e-21 ps10/km
The simulation results obtained with the code are in good agreement with the ref-
erenced data and are presented in Fig. 6.5, plotted on a logarithmic scale to better
illustrate the fine structure and enhance low amplitude components evolving during
propagation. In the first cm of the propagation an intensive, rapid spectral broad-
ening and temporal compression occurs due to SPM. Due to the vicinity of ZDW
the dynamics are dominated by solitonic processes. Under conditions of negative
(anomalous) GVD, a higher-order soliton forms due to the balance of SPM and neg-
ative GVD. The soliton order N is given by the ratio of the dispersive LD and the
nonlinear LNL characteristic lengths defined in Eq. 6.17:
N2 =
LD
LNL
= γP0
τ 20
|β2| (6.19)
where γ and β2 are the quantities defined previously, P0 is the pulse peak power and
τ0 the initial pulse length launched into the fiber. For the test parameters a soliton
order of ∼15 was calculated.
Propagation of higher-order solitons features periodic evolution, when the soliton
reaches the point with the broadest spectrum the initial pulse decays into several
pulses determined by the soliton order. Depending on the input pulse length the
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Figure 6.5: Simulation test result for benchmarking the code a) tem-
poral and b) spectral evolution of a 50 fs sech pulse centered at 835 nm
in a nonlinear fiber with parameters given in Table 6.1 plotted on log-
arithmic scale. The simulation was performed using the symmetrised
split-step Fourier method.
presence of the higher-order dispersion terms and the Raman effect account for the
pulse breakup. Around 50 fs, as in the test parameters both these effects are respon-
sible for the pulse breakup, however below temporal lengths of 20 fs the dispersion
has a more significant effect. Due to the Raman effect the soliton begins to shift to-
wards the longer wavelengths where the local dispersion differs. The soliton in order
to propagate as a fundamental soliton transfers energy to a narrow band resonance
in the normal GVD region [123, 124], which we can observe as distinct peaks in the
shorter wavelength region of the spectrum around 500–600 nm in Fig. 6.5b. These
waves propagate in the positive (normal) GVD regime and therefore are referred to
as dispersive waves. The neglectable difference between the referenced and calculated
spectral and temporal evolutions are due to the precision limit introduced by the use
of a finite step size and the fact that the nonlinear step is calculated at a single value
at each step.
The resources for numerical simulations for modelling supercontinuum formation
in optical fibers are moderately demanding. For a single calculation the run time is
about ∼1 hour on a dual-core PC, resulting in a time and spectral output matrices
containing 655 million numbers each, hitting the limit of the 8 GB memory storage
capacity of the computer used for the simulations (with double precision that is about
10.5 GB data). By collecting data only after a specific number of steps and performing
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the calculations on the GPUs instead of the CPUs the memory storage limitation was
relaxed and the calculation time reduced to about 10 minutes.
6.6.2 Modelling results
A fiber length of a few tens of centimeters is estimated for our application according
to Ref. [125]. For the calculations a constant step size of about 10 µm was chosen,
which corresponds to 3·104 steps in a 30 cm fiber. The chosen step size is well below
the estimated 300–500 µm nonlinear length and 1–2 mm dispersive length in all the
fibers examined in this section. The spectral and temporal evolution were calculated
at 215 points.
The dynamics of the nonlinear processes is studied in a set of different, commer-
cially available fibers with ZDWs located at 670 nm, 700 nm, 750 nm, 790 nm, 850
nm and 890 nm. Some important characteristic properties of these fibers, the name,
the location of the ZDW together with the core diameter and nonlinear coefficients
are shown in Table 6.2.
Table 6.2: List of fibers examined in numerical simulations for wave-
length shifting from 800 nm to 1053 nm to seed a Nd:YLF OPA pump
laser
Name ZDW Core diameter Nonlinear coefficient @ ZDW
NL-1.5-670-02 670 nm 1.5 µm 190 (W km)−1
NL-1.7-700-02 700 nm 1.7 µm 148 (W km)−1
NL-PM-750 750 nm 1.6 µm 95 (W km)−1
NL-2.3-790-02 790 nm 2.3 µm 75 (W km)−1
NL-2.8-850-02 850 nm 2.8 µm 47 (W km)−1
NL-3.3-890-02 890 nm 3.2 µm 37 (W km)−1
The dispersion curves for the fibers used in the simulations were taken from manu-
facturer’s datasheets and are shown in Fig. 6.6. The quantity dispersion D is usually
specified in ps/nm/km for PCFs. It is related to β2, the GVD parameter and is
defined in the following way:
D = −2πc
λ2
β2. (6.20)
The pulse dynamics within the fiber are vastly different depending on the relation
between the input spectrum and the dispersion curve. A widely employed technique is
to seed the PCF in the negative GVD region, where a soliton can be generated due to
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the interaction of self-phase modulation (SPM) and negative GVD, causing spectral
broadening and temporal compression as it was explained earlier in this section. This
soliton is then shifted to longer wavelengths via SSFS. Soliton can also be generated
when seeding in the positive GVD region of the fiber, however the dynamics are
different. SPM first broadens the spectrum to overlap with the negative GVD region,
allowing the formation of a soliton in the same way as in the case of seeding in the
negative GVD region. The anomalous GVD of the PCF then causes the red-shifted
soliton to become delayed and isolated both spectrally and temporally compared to
the rest of the radiation field. The isolation of the soliton suppresses the disturbing
interference between the soliton and the rest of the spectrum, producing a more stable
output. The part of the spectrum located in the positive GVD region propagates as
a normal dispersive wave.
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Figure 6.6: Dispersion curves for a set of commercially available
fibers examined via numerical simulations as possible candidates for
creating a seed pulse for the OPA pump laser operating at 1053
nm. The data presented on the plot was taken from manufacturer’s
datasheets.
Due to the sensitivity of coupled energy of the soliton shifting mechanism, Rothhardt
et al. suggested pumping in the positive GVD region in order to improve timing jitter
due to different dynamics in the fiber in case of varying coupled in energy. This can
happen for example by fluctuations of pulse energy from the oscillator or pointing
stability into the fiber as a result of a thermal drift. By pumping in the positive
GVD region an order of magnitude higher stability can be achieved [126], however
at the cost of significantly lower efficiency. In our case this method is not possible
to implement as the decrease of efficiency would lead to a poor contrast and higher
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ASE during amplification from sub-pJ to multi-mJ energies in the pump laser, which
is further pronounced by the fact that only part of the short pulse oscillator energy
is available to seed the PCF.
Table 6.3: List of propagation parameters, GVD calculated at 800
nm, characteristic linear LD and nonlinear LNL lengths and calculated
soliton order for the 6.2 fs 30 kW pulse launched into the fibers.
Name β2 at 800 nm (ps
2/km) LD (mm) LNL (mm) N
NL-1.5-670-02 -35.67 1.08 0.18 2.4
NL-1.7-700-02 -26.8 1.43 0.23 2.5
NL-PM-750 -9.95 3.86 0.35 3.3
NL-2.3-790-02 -1.86 20.67 0.44 6.9
NL-2.8-850-02 8.66 4.44 0.71 2.5
NL-3.3-890-02 15.12 2.54 0.90 1.7
In the simulations an initially 6.2 fs transform limited pulse propagates in a 20 cm
long fiber, with a spectrum centered around 800 nm. The pulse temporal shape is
calculated from an experimentally measured oscillator spectrum. As a preliminary
calculation to examine the dependence of the spectral and temporal evolution of the
sub-10 fs pulses with respect to the relation of the ZDW and the pulse spectrum, three
different fibers were examined. The fiber ZDWs were located below, above and at the
central wavelength of the few-cycle pulse oscillator spectrum, namely at 700 nm, 790
nm and 890 nm from the above listed fibers. In the numerical simulations the input
peak power was chosen to be 30 kW, corresponding to about 15% coupling efficiency
calculated from the Rainbow oscillator energy, for the given temporal length of the
pulse determined from the measured spectrum. The actual coupling efficiency was
not possible to determine precisely, due to the broad bandwidth of the pulses. The
losses in the fibers are neglected in all cases since only relatively short fiber lengths are
used. In the simulations the time window was chosen to be 10 ps, which corresponds
to a 0.3 fs temporal resolution, giving 20 points calculated within the pulse FWHM.
The calculated characteristic lengths and corresponding soliton orders for 6.2 fs, 30
kW pulses are summed in Tab. 6.3.
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Figure 6.7: Comparison of the calculated temporal and spectral evo-
lutions of a 6.2 fs pulse with a central wavelength of 800 nm and 30
kW peak power, in 20 cm pieces of fibers with ZDWs located at a),b)
700 nm (NL-1.7-700-02), c),d) 790 nm (NL-2.3-790-02), e),f) 890
nm (NL-3.3-890-02).
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The results are presented in Fig. 6.7. In contrast to launching a relatively long
pulse (few tens of fs) into the fiber we can observe notably different dynamics when
launching a sub-10 fs pulse in a PCF. When the pulse is launched in the negative
GVD regime (Fig. 6.7a,b), we can observe no significant SPM, but a promising
strong Raman shift, which contains 43.5% of the total pulse energy coupled into the
fiber. Part of the energy is transferred to a resonance frequency in the positive GVD
regime around 540 nm, which propagates as a dispersive wave. If the chosen fiber
is relatively long, the Raman shifted soliton might be delayed due to the increased
dispersion experienced, and can temporarily overlap with the dispersive wave. The
interaction between the dispersive wave and the Raman shifted soliton can result in
more energy being transferred to the short wavelength region via four-wave mixing
[127]. This effect is visible in Fig. 6.7b after ∼15 cm propagation.
When the input pulse spectrum covers the ZDWwavelength from both the positive
and negative GVD regions the interaction is similar, however due to the significantly
lower nonlinearity of the fiber the Raman soliton shift is weaker (Fig. 6.7c,d). If
we assume that the coupling efficiency is larger due to the larger fiber core, similar
dynamics can be achieved in comparison to the lower ZDW fiber.
This is not the case when pumping in the positive GVD regime. In this case the
dynamics are not significantly different compared to the case shown in Fig. 6.7e,f even
when assuming 50 kW coupled in peak power. As there is no significant SPM, most
of the pulse energy is located in parts of the spectrum where the GVD is positive,
where soliton propagation is not possible.
From the above, the optimum launching condition in order to wavelength shift
most energy contained in the soliton to the required pump laser wavelength of 1053
nm can be achieved by seeding the fiber in the negative GVD region. Assuming 30
kW coupled in power into the fiber with ZDW located at 670 nm, and 32 kW, 34 kW
and 46 kW for fibers with ZDWs located at 750 nm, 700 nm and 790 nm, respectively,
the optimum fiber lengths were calculated.
The results are shown in Fig. 6.8. We can see that the shortest piece is required
of the fiber NL-1.7-700-02. This is due to the relatively large core diameter (1.7 µm)
and still also large nonlinearity (148 1/W/km) compared to the NL-1.5-670-02 and
NL-2.3-790-02, where the small core diameter and the small nonlinearity, respectively
prevents the efficient wavelength shifting for the given parameters.
In general, bending of the fiber or small amount of random birefringence will
lead to crosstalk between the two polarisation modes in the fiber. This can cause
a large amount of energy to be transferred from one polarisation to the other, for
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Figure 6.8: Calculated optimal fiber lengths assuming a) 30 kW, b)
32 kW, c) 34 kW and d) 46 kW, 6.2 fs input pulse in fibers with
ZDWs located at a) 670 nm, b) 700 nm, c) 750 nm and d) 790 nm.
The target wavelength, 1053 nm is marked with a vertical white line,
crossed by the required length of the fiber with a horizontal white line.
The ideal fiber lengths are a) 26.5 cm, b) 23 cm, c) 29.5 cm and d)
32.5 cm.
example when the fiber is physically in a different position, leading to an overall
smaller coupled in energy into one polarisation. Prevention of this unwanted effect
can be achieved by intentionally modifying the microstructure such that a geometrical
asymmetry is introduced in a so called polarisation maintaining fiber. The optical
fiber NL-PM-750 exhibits slightly asymmetric microstructure in the XY direction for
this purpose among the easily available optical fibers, and for that reason was chosen
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Figure 6.9: Dispersion D (blue line, left scale) and dispersion param-
eter β2 (red line, right scale) versus wavelength for highly nonlinear
polarisation maintaining fiber (NL-PM-750), central wavelength of the
pulse in simulations and experiments (dashed red) and zero dispersion
wavelength (dashed green) are marked.
for our application. The dispersion curve and the corresponding calculated β2 curve
of the NL-PM-750 fiber are plotted in Fig. 6.9.
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Figure 6.10: Simulated propagation of a 6.2 fs negatively chirped
pulse (-20 fs2 with 30 kW) in a 30 cm long NL-PM-750 polarisation
maintaining fiber a) in the temporal domain, b) in the spectral domain.
The effect of pre-chirping can increase the amount of wavelength shift in the fiber,
even very small amounts of order of a few tens of fs2 negative chirp can increase the
“efficiency” of the process (Fig. 6.10).
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6.7 Experimental results for few-cycle pulse prop-
agation in nonlinear fibers
Experimentally the fiber was kept slightly longer than the numerical simulations
suggested (50 cm) to ensure that either damage of the fiber ends requiring shortening
of the overall length of the fiber, or a change in the input power would result in
insufficient energy at the pump wavelength. A high numerical aperture (NA=0.4)
microscope objective was found to provide better coupling into the fiber than a singlet
aspheric lens. The dispersion of the objective was compensated by a pair of chirped
mirrors. The fiber was mounted on a high-precision manual XYZ stage in a plastic
enclosure to avoid dust particles at the fiber termination (Fig. 6.11). Due to high
intensity in the fiber core, the long term use of solid core fibers is often limited by end
facet damage. A treatment to increase the fiber end damage threshold and improve
coupling efficiency is to collapse the hollow structure of the fiber end1 [128].
Figure 6.11: Photo of the fiber mount on a high-precision manual
XYZ stage a in plastic enclosure to protect the fiber termination from
dust particles.
The fabrication process is illustrated in Fig. 6.12. A single mode fiber (SMF) and the
NL-PM-750 PCF are fusion spliced by few electric arcs as suggested by Xiao et al.
1This technique is typically applied in the mid IR to prevent losses due to water vapour.
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[129] to collapse the PCF microstructure. The collapse is controlled via repeated arc
discharges, and if performed correctly the collapse of the air holes will reduce by the
appropriate amount. The collapse of the air holes lowers the effective refractive index
contrast between core and cladding, expanding the guiding mode field to a desired
size to match the SMF. The fiber is then cleaved at a point about ∼1 cm from the
SMF end. The length is critical and this step can only be performed once, thus any
unsuccessful attempts will require resplicing, shortening the fiber by ∼1 cm with each
trial.
1.
2. 4.
3.
Collapsed region
Electric discharge
PCF Single mode fiber
ng
Figure 6.12: Fusion splicing procedure used to close-couple a SMF to
the PCF. 1. Splicing via repeated electric discharges. 2. This causes
the air holes to collapse in the PCF. 3. Cleaving is performed on the
SMF side leaving ∼1 cm SMF. 4. Coupling into the PCF is greatly
enhanced.
This procedure provides us with the advantages of air-tight sealing of the fiber, where
the end facet of the fiber can be angle polished to ensure there are no reflections
propagating back from the fiber surface back to the femtosecond oscillator, that would
otherwise disturb stable mode-locking. The resulting beam expansion at the fiber end
significantly increases the damage threshold and the NA, therefore greatly aiding both
coupling efficiency and stability.
Fig. 6.13 shows the experimental output of 50 cm NL-PM-750 measured with
an OceanOptics USB2000 grating spectrometer. We can see that the Raman effect
efficiently couples large amount of energy to the target region of 1053 nm. The full
width at half maximum (FWHM) of the Gaussian spectrum at the pump wavelength
is in the order of 30 nm. The noise at the longer wavelengths is a consequence of the
spectrometer intensity calibration.
A 40-60 beam splitter was used to direct 60% of the ultrashort pulse oscillator
pulses to the nonlinear fiber. The short pulse arm fine chirp controller Dazzler can
potentially replace the beam splitter, as it operates only at a 40% efficiency, and the
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Figure 6.13: Experimental output of NL-PM-750 fiber (blue) and the
seeding Rainbow oscillator spectrum (black, grey filled) measured with
an OceanOptics USB2000 spectrometer. The 1053 nm target pump
wavelength is marked (dashed red)
undiffracted beam could be used to seed the PCF. However the 25 mm long TeO2
crystal dispersion1 requires significant compensation increasing the complexity of this
seeding method.
6.8 Repetition rate locking
When a single source is used to derive both signal and pump pulses in an OPCPA
system precise synchronisation is nevertheless not automatically guaranteed because
the pump and signal pulses typically do not follow the same optical path. Due
to this difference in the path length, it is possible that the coincident pump and
signal pulses overlapped in the parametric amplifiers are not derived at the same
time from the oscillator. This leads to an additional timing offset as the oscillator
“warms up”. In our setup the OPA signal pulse is several pulses after the pump
pulse as the pump pulse travels many roundtrips in a regenerative amplifier through
amplification. Therefore keeping the repetition rate of the master oscillator constant
during operation is essential for long term system stability.
The Rainbow repetition rate was found to change from∼74971500 Hz to∼74967000
Hz over 7 hours of operation. The OPA pump pulse undergoes several amplification
stages before reaching the OPA gain stages. For amplification to the few mJ level
the pulses take 50-60 roundtrips within a regenerative amplifier, hence it arrives with
1Listed in 4.1 in Chapter 4.
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Figure 6.14: Rainbow oscillator repetition rate locking scheme. The
oscillator repetition rate is measured with a photodiode (PD), the sig-
nal is amplified and then read by a HP 53131A frequency counter.
The picomotor controlled mirror stage (CM) adjusts the cavity length
accordingly.
a large temporal delay compared to the signal pulse. This delay is in the range of
600 ns. Considering 13 ns as the temporal distance between two oscillator pulses this
means the pump is delayed by about 45 pulses to the signal. Assuming that the path
length does not change neither for the pump nor for the signal from the oscillator
to the OPA stages, the temporal drifting results in a ∼5 ps time drift between OPA
pump and signal pulses per operation hour, which is comparable to our pump pulse
temporal duration (40 ps). In distance the change of 4500 Hz in 7 hours corresponds
to an overall ∼0.24 mm cavity length difference. Considering an average 30 nm mo-
tor step size for the Newfocus picomotor stage that is used to control the Rainbow
oscillator cavity length, this gives about 4000 steps within 7 hours of operation (∼6.4
steps/sec). This can be conveniently achieved with the compact linear picomotor
stages.
The motion controlled mirror in the cavity is the long arm folding mirror. The
closed loop repetition rate stabilisation scheme implemented to compensate for the
thermal drift is shown schematically in Fig. 6.14. The oscillator pulse train is sampled
with a photodiode (PD) located in the oscillator enclosure. The pulse train signal is
then amplified and measured with a HP 53131A frequency counter (with a tempera-
ture stabilised quartz oscillator), which has an error of 10−2 Hz at 75 MHz with 1 s
gate time according to the manufacturer’s datasheet. The measured number is then
logged and compared with a reference number in a LabView program written by the
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author. If the frequency value difference is larger than a give tolerance number the
actuator is moved. An adaptive step size was used to ensure the Rainbow oscillator
mode-locking stays stable.
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Figure 6.15: a) Repetition rate measurement with and without con-
trolled locking enabled b) Locked repetition rate over 7 hours of oper-
ation with RMS value of 1.27%
Fig. 6.15a shows a measurement of the repetition rate over time. Note that the
repetition rate locking has been switched on at the time marked by the red dashed
line, from where a modest linear decrease is visible as the repetition rate reaches the
preset value, 74970000 Hz in this case. The actual value is not our concern, but when
setting a value the motor starting position has to be considered to allow for sufficient
movement for a full day operation. Note that the picomotor is not equivalent to a
stepper motor, and intrinsically has no fixed nor repeatable step size. The actual step
size depends on the ”load” on the lead screw, in other words the actual position of
the stage, as we can see in Fig. 6.15b from the increasing “noise” towards the limit
of longer (multi-hour) operational times.
The <10 Hz stability achieved and maintained is equivalent to a <2 fs timing
jitter between pump and signal, which is well within our operational tolerance con-
sidering our pump pulse temporal length. After the significant reduction of timing
drift between OPA signal and pump pulses, any additional source of temporal drift is
expected to be a result of beam path expansion at various other places of the system
and likely to be small as these are not driven by active thermal loads.
132
Chapter 6. Pump-Signal Synchronisation
6.9 Conclusion on the signal-pump synchronisa-
tion
Several challenges of few-cycle OPCPA have been addressed so far. In Chapter 4,
the difficulties with stretching and compressing few-cycle pulses have been examined,
while Chapter 5 discussed parametric amplification and the requirement of precise
phase matching for broadband amplification able to support few-cycle pulses. The
current chapter gave an overview of the third challenge, the rigorous synchronisation
that is required to ensure stable operation of the parametric amplification stages at
maximum possible efficiency over long timescales.
Several commercially available fibers have been examined numerically, among
which the NL-PM-750 highly nonlinear polarisation maintaining fiber was found to
provide an optimal solution. The all-optical synchronisation scheme was implemented
successfully in the system, providing a stable source for seeding the OPCPA pump
laser at 1053 nm.
The temporal drift was further reduced to the sub ps level, by the utilisation of a
repetition rate stabilisation control-loop for the ultrabroadband oscillator.
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Pump Laser for Few-Cycle OPCPA
Optical parametric amplification can be scaled to reach much higher peak powers
than in conventional amplifiers. In Section 5.1 it was shown that the widely used
method of hollow fiber compression is generally limited to the mJ level due to self-
focusing and ionisation of the gas medium in the fiber. However the intrinsic nature
of optical parametric amplification of instantaneous energy conversion from the pump
to the signal pulse results in very demanding requirements for the pump laser quality.
The pump and signal pulse temporal lengths have to be carefully chosen, which is
set by the precisely designed stretching-compression ratio of the signal pulse. To
amplify few-cycle pulses a picosecond length pump pulse is convenient. This is a well
understood problem, however this means that the signal and pump pulses have to be
synchronised within a small fraction of the temporal duration of the pump pulse. This
issue has already been addressed in previous sections. In addition, both spatially and
temporarily the pump pulse shape has to be close to flat-top to achieve best conversion
efficiency and highest contrast with a uniform amplification of the entire spectrum of
the broadband signal seed pulse. The OPAs can operate at extreme high repetition
rates, which is in general limited by the repetition rate of the pump laser, rather than
thermal loading of the OPA crystals. Chief among all these pump laser requirements
is the combination of the highest possible energy with high stability.
This chapter is devoted to the detailed discussion of the picosecond OPCPA pump
laser, the development of which formed a significant component of the thesis work.
First a brief explanation is given about the reasons for the choice of the amplifier
medium, which is followed by the discussion of the different parts of the pump laser
system. A schematic figure in Fig. 7.1 shows the pump laser setup. A photonic
crystal fiber is used to shift energy from the ultrabroadband pulse centered around
800 nm to the pump laser wavelength of 1053 nm. The output of the fiber is assumed
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to be close to transform limited, and is first stretched by about a factor of ∼200 in
a folded Z geometry single grating stretcher explained in details in Section 7.2. The
output of the stretcher passes through a set of optics to ensure optimal isolation of
low and high intensity elements. Two Faraday isolators are placed in series between
a regenerative amplifier and the fiber output to protect the vulnerable bare fiber core
from focussed back-propagating high-intensity light from the regenerative amplifier.
This also prevents the disruption of the mode-locking of the short pulse Ti:Sapphire
oscillator by any back-reflected light. The amplification of the fiber output takes place
in a regenerative amplifier due to the reliability and high pulse-to-pulse and pointing
stability of the scheme. A lens pair is placed in the seed injection path to ensure
optimal mode-matching to the regenerative amplifier cavity. The amplification of the
circulating seed pulse is monitored using a fast photodiode illuminated by leakage from
the end mirror of the cavity. The regenerative amplifier performance is discussed in
section 7.3.
Section 7.4 describes results of spectral shaping, which was implemented to create
more flat-top temporal shaped pump pulses, while greatly reducing self-phase modu-
lation during amplification and in addition achieving a remarkable stability. After the
regenerative amplifier the beam passes through spatial filtering with a specially de-
signed fluffy aperture before further amplification to ensure a smooth flat-top spatial
profile (Section 7.5).
After reaching the few-mJ level in the regenerative amplifier the pulses are further
amplified by double passing a 1 kHz Nd:YLF amplifier pumped radially by five 1 kW
diode modules amplifying the pulses to a few tens of mJ level.
7.1 Nd:YLF as gain a medium
Diode-pumped solid-state lasers are a common choice in science and also becoming
more and more popular in industrial applications due to the decreasing price and
the improving performance. We have chosen Nd3+ as the doping material due to
its easy availability, well known behaviour for generation of picosecond pulses and
relatively low price. From available hosts materials YAG, YLF, YVO4 and glass are
the most commonly used. In contrast to Nd:YAG and glass, Nd:YLF and Nd:YVO4
exhibit natural birefringence, which eliminates thermally induced depolarization loss
in high-power lasers. Nd:YVO4 is highly efficient in very high repetition rate systems
due to its shorter fluorescence lifetime and high gain cross section. Nd:YLF also has
relatively large gain bandwidth compared to Nd:YAG which allows for the generation
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Figure 7.1: OPCPA pump setup. HWP: λ/2 waveplate, CP: cube
polariser, F1, F2: Faraday rotators, PD: photodiode, TFP: thin film
polariser, BP: beam dump, Nd:YLF diode pumped laser head, PC:
Pockels cell, WPQ: λ/4 waveplate, FA: fluffy aperture, SHG: second
harmonic generation, P: periscope, SP1, SP2, SP3: spatial filtering.
The main parts: stretcher, regenerative amplifier, multipass amplifier
and the alternative low repetition rate beamline are separately marked
with dashed boxes.
of few picosecond pulses.
Nd:glass is easy to make in large sizes and can be used as a power amplifier in
low repetition rate flashlamp pumped systems, where energies up to 500 J in 25 ns
have been reported [130]. Due to poor thermal properties of glass, repetition rate is
usually in the range of 1 shot per hour for the largest aperture amplifiers.
Another attractive property of Nd:YLF is the weak and negative thermal lensing,
this avoids beam focusing in the laser amplifier medium and makes a design of a re-
generative amplifier easier. Nd:YLF has two different possible fluorescence emission
lines, 1053 nm along the a-axis and 1047 nm along the c-optical axis). However using
the emission line at 1047 nm for amplification yields higher gain, but the thermal
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lensing is also more significant. In “a-cut” Nd:YLF laser rods, the operational wave-
length can be chosen with an appropriately set half-waveplate. As the 1053 nm line
fits well to the gain peak of Nd:glass, Nd:YLF pre-amplifiers provide attractive solu-
tion for seeding Nd:glass amplifier chains. Nd:YLF can be both diode and flashlamp
pumped.
without pumping with pumping
cHeNe
Screen
Pumping
Figure 7.2: Photo of thermally induced lensing in Nd:YLF with
pumping on and off for comparison, π and σ represent the emission
lines of 1047 nm and 1053 nm, respectively. The measurement was
done by passing an unpolarised HeNe laser through the laser rod, and
looking at the beam profiles far away on a screen, where the beams are
well separated by natural birefringence in Nd:YLF. The optic axis is
marked with a dashed line.
On the other hand a disadvantage of Nd:YLF is that it is an extremely fragile material,
hard to grow in good quality and has lower single pass gain compared to Nd:YAG
or Nd:glass. The thermal properties of Nd:YLF is worse than that of Nd:YAG.
Nd:YLF has lower thermal conductivity (∼6 W/m/K [131] about half compared to
Nd:YAG – 11 W/m/K [132]) but it is still possible to use Nd:YLF in relatively high
(∼kHz) repetition rate systems. The large emission bandwidth of Nd:YLF compared
to Nd:YAG, makes shorter pulses available and despite the disadvantages listed above,
it is still a very attractive material for a picosecond OPCPA pump laser source.
For an OPA pump laser, the quality of the pump wavefront is a key property
for high OPA efficiency [133], therefore the 1053 nm wavelength operation has been
chosen for the development of the regenerative amplifier, as it suffers significantly
less thermal induced negative cylindrical lensing compared to the operation at 1047
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nm [134]. To illustrate the thermal lensing difference in Fig. 7.2 a photo is shown of
a HeNe beam passing through a 6 mm diameter, 100 mm long, a-cut Nd:YLF laser
rod with diode pumping on and off. The current setting on the diodes were 115 A
and 400 µs long pulses at different repetition rates. When doing this testing a rod
fracture occurred at 250 Hz repetition rate, a level expected to be below the fracture
limit, and possibly due to pre-existing damage.
7.2 Pump seed pulse stretcher design
The output of the PCF at the pump wavelength (1053 nm) can be assumed to have
very little chirp due to solitonic propagation through the nonlinear fiber. It is therefore
necessary to implement pulse stretching of the seed pulse before amplification. The
stretcher design is a compact, folded Treacy stretcher employing a single grating
originally designed by Dr. Philip Bates for pulse stretching after the commercial
HiQ pump oscillator used in the previous version of the system. The stretcher was
rebuilt by the author to ensure a larger stretching factor required to manage the PCF
output, the current setup is shown in Fig. 7.3. As recompression of the pulse is not
necessary due to the OPA process being independent of small wavelength variation in
the pump pulse, the choice of negative or positive chirp in the pump pulse is therefore
not important. The grating is on a delay stage providing extra flexibility to adjust
the pump temporal duration if necessary.
1.
Figure 7.3: Schematic figure of the stretcher before the regenerative
amplifier. The diffractive element is a gold coated holographic grating
with 1740 lines/mm and a free aperture of 70×70 mm2. The numbers
mark the beam path for guidance.
To calculate the required pump stretcher design parameters preliminary calculations
have been performed by the author. The transform limited duration of a pulse cor-
responding to the Nd:YLF fluorescence (∼1.3 nm) is about 2 ps. The group delay
between two λ components around λ0 separated by ∆ according to Ref. [42] can be
given as:
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τ =
b
λ
d
2∆
cd
[
1−
(
λ0
d
− sinα
)2] , (7.1)
where b is the grating separation, d the grating line density, α the grating angle.
The input to the stretcher is 0.13 nJ including most of the spectral components of
the PCF output, and the measured output is 0.86 pJ within the spectral window of
1052—1053.7 nm (Fig. 7.4). After the losses on the optical elements between the
stretcher and the regenerative amplifier the energy reduces to ∼0.5 pJ. If we consider
a desired output energy after the regenerative amplifier of about 3.0 mJ, assuming
1.30× single pass gain, 50 roundtrips are required. In this case gain narrowing in
the amplifier medium would result in a spectral FWHM of 0.202 nm. A stretched
gain narrowed pulse about 40 ps, which was calculated to be an optimal pump pulse
length for the OPA process, would require a pre-amplified 380 ps pulse duration.
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Figure 7.4: Stretcher output spectrum used to seed the regenerative
amplifier.
To obtain the required stretch factor a grating separation of 180 cm, and a 66.36◦
incident angle was calculated. Using dielectric mirrors (99% reflectivity) and assuming
80% diffraction efficiency and four passing on the grating, results in 39% overall
efficiency.
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7.3 Regenerative amplifier performance
The regenerative amplifier features a concave-convex mirror stable linear cavity design
(Fig. 7.5) [135]. The laser crystal is a 83 mm long, 3 mm diameter a-cut Nd:YLF
rod with 0.9% doping, pumped in CW mode radially by fifteen sets of diode bar
arrays built into three discreet diode bars, in a commercial mount. This was found
to be a highly reliable, compact gain module (RBA35 model, Northrop Grumman
Corporation).
Seed in 380 ps, 0.5 pJ
Nd:YLF
PC
F
TFPTFP
TFP
TFP
HWP
WPQRegenerative amplifier
PD
Output 40 ps, 3 mJ
M1 M2
GT
Figure 7.5: Regenerative amplifier TFP: thin film polariser, GT:
Galilean telescope to reduce B-integral in the Faraday rotator (F),
HWP: half-waveplate, WPQ: quarter-waveplate, PC: Pockels cell, PD:
photodiode, Nd:YLF laser head. M1: -5 m ROC mirror, M2: 2 m
ROC
The configuration for the regenerative amplifier end mirrors was numerically designed
by Prof. Roland Smith for stable operation that overcomes both the effect of me-
chanical fluctuations and a moderate amount of thermally induced negative lensing
from Nd:YLF, and is largely based on a previous work described in Ref. [78]. The
modelling was performed using a freely available software (LasEasy v1.0 by UVisIR).
The software calculates beam sizes at various optics and the stability of the cavity by
ABCD matrix analysis. The cavity was simulated using three optics, two end mirrors
and a thin lens accounting for the thermal lensing in the laser rod. The simulation
results are shown in Fig. 7.6. The black areas show configurations where the cavity
was found to be unstable. An optimal position was chosen considering commercially
available mirrors and a compromise between large mode size and good beam quality,
as the modelling did not include effects of non-fundamental modes in the cavity.
The cavity support frame was constructed from invar to minimise thermal drift
and ensure that the pump and seed timing could be kept precisely matched over many
hours. The cavity optics were optimised for a particular thermal load set by repetition
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Figure 7.6: a) Regenerative amplifier modelling results showing a)
The beam size at the front mirror, b) beam size at Nd:YLF rod, c) beam
size at back mirror, at various combinations of radius of curvatures
for both mirrors. The optimal chosen position is marked with a pink
circle.
rate and diode pumping current — within this specific range a convex mirror with
-5 m radius of curvature (ROC) and a concave mirror with 2 m ROC offered the
best compromise between maximum energy extraction with high stability and good
output beam quality whilst minimising the risk of optical damage of the components.
The largest beam diameter of 1247 µm is located at the concave mirror while the
minimum lies at the back mirror with a beam size of 769 µm.
To reduce the B-integral in the system and minimise acoustic ringing seen with
KDP, a windowless BBO Pockels cell (Leysop) was placed close to end of the cavity
where the beam size is the largest. The cavity length is 135 cm with a roundtrip
time of ∼9 ns in the system, compatible with the ∼3 ns rise time of a high voltage
supply switching time for the Pockels cell (Bergman BME). The pulse to be amplified
is selected by the Pockels cell and a high damage threshold plate polariser used at
Brewster angle.
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7.3.1 Q-switched operation results
The output energy of the amplifier was investigated experimentally at different repe-
tition rates in Q-switched mode (Fig. 7.7a). For maximum energy extraction at a safe
operating level and minimal RMS energy fluctuation a repetition rate of 500-550 Hz
range was found to be optimal, of which 500 Hz was chosen for operational repetition
rate due to the easier division of Rainbow oscillator repetition rate. The cut-off of
the pulse energy above 600 Hz is due to the fact that gain storage time for Nd:YLF
is about 485 µs.
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Figure 7.7: a) Q-switched output pulse energy with RMS (blue cir-
cles) and average output power (black triangles) vs. repetition rate
measured at 16 A pumping current. b) Measured mode sizes in Q-
switched mode at the output of the regenerative amplifier. An in-
creasing negative lensing in the Y direction becomes noticeable at high
currents. The cut-in image shows the actual beam profile at 17.5 A
diode current, where the X and Y FWHMs are marked with two red
arrows
The mode sizes were measured with a Wincam D (Dataray Inc.) in Q-switched mode
at the output of the regenerative amplifier (Fig. 7.7b). An increasing beam size
showed the effect of the increasing negative lensing in the Y direction, and became
significant at high pump currents. An optimal operation range was chosen to be
around 13–14 A, well below the maximum 17.5 A specification of the RBA35 gain
module.
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7.3.2 Seeded operation results
Before testing seeded operation a simulation was performed with a code written by
the author to calculate accumulating B-integral and dynamics in the cavity to ensure
B-integral value stays below a safe limit. The output energy of the regenerative
amplifier was calculated using the Frantz-Nodvik equation [136]:
Eout = Esat log
[
1 +G
(
e
Ein
Esat − 1
)]
, (7.2)
where Esat is the saturation energy and G is the measured single pass gain. The input
seed energy was assumed to be 0.5 pJ, and as per previous calculations assumed 50
roundtrips with 1.3× single pass gain through the Nd:YLF laser rod. The saturation
energy is 8.9 mJ for the mode size in the regenerative amplifier, and can be calculated
from the saturation fluence, which is 0.8 J/cm2 for Nd:YLF [137]. In the simulations
depletion of the excited states was taken into account and a loss from ASE of ∼1%
was estimated together with a loss of ∼2% on the optics in the cavity per pass.
The CW pumping was assumed to be “slow” compared to the depletion rate during
amplification. Tab. 7.1 shows the parameters of the various optics in the cavity for
the B-integral calculation.
Table 7.1: Properties of optics in the regenerative amplifier cavity
for B-integral calculation.
Length (mm) Beam diameter (mm) n2 m
2/W
Fused silica polariser 4.5 at 56◦ 1.225 2.74e-20 [138]
BBO Pockels cell 30 1.265 2.91e-20 [139]
Nd:YLF rod 83 1.19 1.7e-20 [140]
The pulse duration is estimated by calculating the actual spectrum from the input
pulse and the gain spectrum of Nd:YLF together with the previously calculated chirp
in the pulse. Fig. 7.8 shows the simulation results for pulse energy, saturated gain,
B-integral and the estimated pulse duration. The accumulated B-integral value as-
suming a Gaussian pulse shape is calculated to be 4.99 for the optics and and 8.74
for the laser rod. Note that the 0.5 cm thick protective fused silica windows were
removed from the BBO Pockels cell, which initially resulted in a B-integral value of
6.35 for the optics, which is about a 10% decrease in total B-integral value. This is
a relatively high B-integral value, where some nonlinear effects are expected to be
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Figure 7.8: a) Calculated pulse energy (black) and gain per pass
(blue) in the regenerative amplifier versus number of roundtrips. b)
Accumulated total B-integral value (black) and estimated pulse dura-
tion (blue) versus number of roundtrips.
present. However due to the stable cavity mode, these are likely to appear in the
time rather than the spatial domain.
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Figure 7.9: Evolution of pulse amplification in a regenerative am-
plifier seeded from a wavelength shifting PCF (blue), measured using
leakage from the end cavity mirror with DET10 photodiode, and the
extracted pulse (black).
The measured amplified pulse train is shown in Fig. 7.9, where the effect of stored
pump energy lost on the growth of ASE in the cavity into a Q-switched pulse is
visible, this is due to the relatively low fluence of the seeding pulses.
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7.4 Engineering a flat-top temporal profile
As it is shown in Ref. [50], in parametric amplification the efficiency is greatly in-
creased by using a flat-top temporal pulse instead of Gaussian. Typically in an
OPCPA system with Gaussian shaped pump pulses, the pulse length is selected to
overfill in time the maximum temporal extent of the chirped short signal seed pulse.
For a few-cycle broadband laser where the stretch factor needs to be carefully opti-
mised to avoid the damaging effect of high-order phase terms, the optimum pump
pulse durations lies in the few tens of picoseconds regime [135, 141, 142, 143].
The finite bandwidth of the gain medium leads to spectral narrowing during the
amplification of the pulses. By introducing chirp in the seed pulse of the regenerative
amplifier and spectral modulation allows us to both maintain a significantly larger
bandwidth while at the same time also keeping the pulse relatively long to minimise
unwanted self phase modulation. If saturation is negligible in a multipass amplifier,
the resulting spectrum of the pulse Iout(ω) after N roundtrips in the cavity is given
by [144]:
Iout(ω) = Iin(ω)[G(ω)L(ω)]
N (7.3)
where Iin(ω) is the input spectrum, G(ω) and L(ω) are the spectrally dependent gain
and loss profiles in the cavity. We can see from Eq. 7.3 that by introducing a relatively
small frequency dependent loss in the cavity, the output spectrum can be strongly
modified after a few roundtrips.
In our setup the spectral profile directly reflects the temporal shape as well, due
to the pulses being linearly chirped in time. Therefore by modifying the spectral
profile of the amplifier we can directly control the pulse temporal shape, for example
by creating a flat-top spectrum we can generate flat-top pulses in time well matched
to pumping optical parametric processes.
There are several ways available to modulate the spectrum of a seed pulse before
amplification, or during the amplification process itself. Klingebiel et. al used a
spatial light modulator to attenuate the centre of the spectrum of the seed pulse to
be amplified [145]. Nevertheless shaping a seed pulse before the amplifier in the case
of high gain (low energy seed pulses) to achieve the required bandwidth one should
almost completely suppress the seed spectrum at gain centre, which can lead to a
strong amplified spontaneous emission (ASE) background. Barty et al suppressed
gain narrowing in a Ti:Sapphire regenerative amplifier by attenuating the centre of
the spectrum in the amplifier by various filters including: thin etalons, a spatial mask
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in a dispersive system (stretcher Fourier plane – FP) and a birefringent filter [146]. In
the birefringent plate ordinary and extraordinary polarisation components experience
different phase velocities. This changes the polarization state of the light depending
on the wavelength. A birefringent filter when used together with waveplate results
in an approx 6% loss [146]. A spatial mask in the FP can only be applied when the
seed pulse energy is reasonably high for the same reasons described for a spatial light
modulator.
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Figure 7.10: a) Generation of a flat-top in time pulse (solid blue) by
using a spatially masked input (dotted black), gain narrowed spectrum
(dashed red) b) Flat-top in time pulse by using an intracavity etalon
(solid blue), gain narrowed spectrum (dashed red), etalon transmission
(dotted black)
Alternatively, thin etalons feature high damage threshold and can be placed intracav-
ity allowing the shaping of the spectrum without losing a significant amount of the
seed energy. The attenuated bandwidth profile and depth is then determined by a
combination of the material thickness and reflectivity of the etalon. The transmission
is given by:
T (ω) =
1
1 + F sin2
(
δ(ω)/2
) , (7.4)
where the finesse F =
4R
(1− R)2 and δ =
2ω
c
n(ω)L cos(θ) with c being the speed of
light, L the thickness of the etalon, n the refractive index and θ the etalon angle in
the cavity.
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In Fig. 7.10 the comparison between shaping the spectrum of the seed before
amplification and shaping with an intracavity etalon is shown. For an input energy
of 0.5 pJ with 2 nm bandwidth Gaussian spectral distribution and output energy of
3 mJ we require 100 passes at 1.3× single pass gain in the amplifier corresponding
to experimental values. As simulation parameters for spatial shaper in the FP of the
stretcher 0.3 nm width and 80% depth (Fig. 7.10a) was chosen to achieve a flat-top
output spectrum. A square shaper in the FP can be approximated as a Gaussian
mask due to the finite beam size. The bandwidth of the output pulse is ∼1.5 times
broader than the gain narrowed spectrum.
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Figure 7.11: Calculated temperature dependent spectral modulation
by the intracavity etalon according to the modelling shows relatively
high sensitivity.
Using the same input/output pulse parameters, and single pass gain for a 500 µm
thick etalon with 2.4% per surface reflection (finesse ∼ 0.1) a flat-top pulse with
almost three times broader spectral bandwidth was obtained compared to the gain-
narrowed case as shown in Fig. 7.10b, a corresponding temporal profile is also flat-top
if we apply linear chirp to the pulse. From the figure we can conclude that using an
intracavity etalon in our case is potentially a better choice for two reasons: in the
case of low input energy for seeding the amplifier the shaper mask would weaken
the signal significantly leading to more ASE, and also the intracavity etalon leads to
an approximately three times broader output spectrum. A potential disadvantage of
a low finesse etalon that emerges from numerical modelling is a high sensitivity to
etalon thickness or angular alignment, such that a variation of ∼0.25 µm for a 500
µm etalon shifts the performance from high-bandwidth to low bandwidth. We find
experimentally that for broadband operation the spectral performance of the system
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is relatively well matched by numerical modelling, however its stability with respect
to etalon thickness and thermal detuning is significantly better than expected (Fig.
7.11).
To achieve a flat-top temporal profile well optimised for pumping an optical para-
metric amplifier, a 500 µm fused silica intracavity etalon was placed in the cavity.
Numerical modelling was employed to determine the optimum etalon thickness and
approximate reflectivity. In practice it was found necessary to tune individual etalons
with a reflectivity of order 1–2% per surface. The 2-layer TiO2/MgF2 anti-reflection
(AR) “V-coating” was carefully designed to withstand the high optical fluence in the
cavity, while providing the required low reflectances on the surfaces to achieve the
most top-hat temporal shape. Too high a reflectance results in a dip in the spectrum
and the temporal profile, too low a reflectance on the other hand would create a nar-
rower bandwidth, super-Gaussian pulse. Fine tuning was achieved by adding ∼5–10
nm MgF2 layers to an initial 25 nm TiO2/190 nm MgF2 stack using thermal vapor
deposition. 48 hours of baking in air at 230 ◦C was required to ensure low absorption
and high damage threshold of the high index TiO2 layer.
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Figure 7.12: Experimental gain narrowed spectrum in the regenera-
tive amplifier (red), amplified etalon shaped spectrum (blue). With the
etalon the regenerative amplifier was saturated with an output energy
of 2.5 mJ, without the etalon with an energy of 3 mJ.
The etalon was placed towards the concave end mirror where the mode size of the
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stable regenerative amplifier cavity is larger (M2 on Fig. 7.5), in order to minimise B-
integral in the system and to reduce the thermal load on the etalon, which otherwise
results in a local change of thickness, and therefore a change in the minimum position
in the spectrum. If a small amount of absorption was present in the etalon AR
coating a “thermal runaway” was noted which detuned the cavity over a time scale
of a few seconds. A small angle was introduced to prevent any re-amplification of the
reflections from the etalon surfaces. By slightly changing the angle of the etalon held
in a high-stability 1” optic mount the spectral profile can be easily modified in real
time, which could potentially aid OPA gain bandwidth and “pull up” one wing of the
short pulse seed spectrum, for example to compensate where the phase matching is
lower.
Experimentally measured spectra are shown in Fig. 7.12. The gain narrowed
spectrum from the unmodified regenerative cavity shows slightly increased wings,
which is the result of self-phase modulation due to a high B-integral value. Shaping
the spectrum with an optimised intracavity etalon results in a spectrally flat-top, and
hence when linearly chirped, a temporally flat-top pulse.
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Figure 7.13: Spectral widths measured with (blue) and without
(black) the intracavity etalon at different pulse output energies of the
regenerative amplifier.
Fig. 7.13 shows the spectral widths with and without the intracavity etalon of
the seeded regenerative amplifier output. With the etalon the spectral width only
marginally decreases, while we can see a significant gain narrowing present without
the etalon placed in the cavity. Fig. 7.14 shows the experimentally measured third-
order autocorrelation with and without the etalon, where the increased wings from
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SPM can also be seen, however only clearly resolved on the logarithmic scale.
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Figure 7.14: Experimental third-order autocorrelator contrast mea-
surement of the regenerative amplifier output with and without the 500
µm etalon placed in the cavity.
The highest output energy achieved from the amplifier seeded by the output of the
PCF was 2.5 mJ per pulse at repetition rate of 500 Hz, where the energy was limited
by the damage threshold of the etalon AR coating and the Pockels cell. The number
of roundtrips was kept the same as without the etalon ∼68 to maintain OPA timing,
but the diode current pumping the Nd:YLF rod in the regenerative amplifier was
increased from 13.4 A to 14.0 A. The output energy of the regenerative amplifier
decreased from 3.6 mJ to 2.5 mJ. When introducing the etalon the second harmonic
generation efficiency in a 30 mm KDP crystal placed after the amplifier and used
to derive a 526.5 nm pump showed an increase in conversion efficiency from 30%
(without spectral modulation) to 50% with the etalon in the cavity.
7.5 Engineering a flat-top spatial profile
The reason for creating a flat-top spatial profile pump pulse is twofold. Filling the
amplifier rod with a flat-top profile beam will result in maximum energy extraction
but at the expense of a pulse whose spatial mode may not propagate well without
image relaying. The other reason is that in an OPCPA system as it was shown earlier
the pump laser properties are directly transferred to the signal beam. To ensure
uniform spatial amplification of the seed beam, thus a flat-top spatial pump laser is
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preferable. A solution to this problem consists of using an apodised aperture, where
the transmission at the edges does not change abruptly but in a smooth continuous
manner.
A P
L1 L2
Figure 7.15: Vacuum spatial filter with apodiser used to create a near
flat-top beam profile. A: apodiser, L1: f=200 mm lens, L2: f=200 mm
lens, P: pinhole
However, finding the optimal shape for the transition to obtain the favoured trans-
mission at the edge of the aperture is a complicated task which is difficult to achieve
using analytical functions. Therefore the optimal soft-edge apodiser was experimen-
tally chosen and placed in front of a vacuum spatial filter (Fig. 7.15).
Figure 7.16: a) Beam profile at regenerative amplifier output (3.6
mm FWHM). b) Flat-top beam profile after spatial filtering with an
apodiser (FWHM 3.4 mm).
The beam profile before and after the spatial filter is shown in Fig. 7.16. As only
a Gaussian beam profile would propagate through the system without significant
deviation from the original profile, an e.g. spatially flat-top profile would quickly
evolve. The distance between the laser rod and the spatial filter was chosen so that
propagation of the flat-top profile does not deteriorate significantly, still, sufficiently
large distance is needed to separate the beams after geometrically double passing
the power amplifier rod. After amplification a series of image relaying systems were
implemented to ensure the flat-top profile is transported to the OPA stages. Energy
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lost in the spatial filter with apodiser is less than 20%, which is a small sacrifice in
energy, producing a dramatic increase in overall system performance.
7.6 OPCPA multipass amplifier
The pump laser multipass amplifier was designed specifically for this OPCPA system
based on a system previously built in the Rutherford Appleton Laboratory [147].
It is capable of delivering stable, durable, high-efficiency and high single pass gain
amplification. The amplifier is side-pumped by five diode-array stacks in a cylindrical
geometry. The development and construction of the amplifier was performed by Dr.
Yunxin Tang and Dr. Ian Ross and is explained in details in the Ph.D. thesis by Dr.
Philip Bates [27].
The original three-pass geometry was modified by the author to a clean double-
pass geometry as saturation is likely to be already achieved due to the lower popula-
tion of the 1053 nm transition. The beam profiles before and after passing through
the rod are shown in Fig. 7.17. The construction of the laser rod mount allows to
fit 5-6 mm diameter rod diameters. To increase the maximum stored energy in the
amplifier and minimise clipping a 6 mm rod size has been chosen.
Figure 7.17: Beam profiles measured a) before the multipass am-
plifier (FWHM 3.3 mm), b) after single pass (FWHM 3.5 mm), c)
after double pass through the 6 mm diameter Nd:YLF rod (FWHM
2.6 mm).
The temperature is maintained at 19 ◦C to ensure the diodes emit at the optimal
wavelength for Nd:YLF absorption (797 nm). The cooling of the system is provided
by a single chiller unit and divided between both the regenerative amplifier head and
the multipass amplifier head and was redesigned and rebuilt by the author, which
significantly reduced occupied space and the mechanical vibrations caused by the
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pipes running along the optical table.
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Figure 7.18: Measured multipass amplifier performance at 90 A,
250 µs a) output energies for single (black) and double passes (blue)
with varying input energies and b) corresponding gain values for single
(black) and double passes (blue). The error bars correspond to a 3%
fluctuation in the saturated regime and 7% in single pass
The current pulses for driving the diode stacks are generated by two Analog Modules
8800-D power supplies. The maximum current at the diodes is limited to 500 µs and
120 A. To extend the lifetime 350 µs 85–115 A current pulses were used to drive the
diode stacks. The calculated B-integral for a 3.4 mm diameter beam and assuming 5.5
single pass gain, is 0.14 for the first pass and 0.90 for the second pass. The measured
output energies and gain values for single and double passes is shown in Fig. 7.18,
where a relatively weak saturation is visible.
7.7 Alternative low repetition rate beamline
An alternative, high-gain but low repetition rate OPCPA pump beamline was also
constructed using two flashlamp pumped Nd:YLF laser heads placed directly after
the regenerative amplifier. The modules are laser heads removed from HY200 systems
(JK lasers) operating at 10 Hz repetition rate, with a possibility to increase to 50 Hz
at the cost of lower output energy. The rod dimensions are 4 mm diameter and 70
mm length. The small rod size allows smaller beam of 1.8 mm diameter. Assuming a
single pass gain of 4 (800 V on flashlamps), this corresponds to a B-integral value of
0.28, when passing through the first head and 1.42 after passing through the second
head. The flashlamp voltage can be varied from 400-999 V with a 3-digit manual
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dial. The single pass gain values for one and both heads were measured and shown
in Fig. 7.19. Saturation is visible at seeding energies higher than 2.5 mJ.
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Figure 7.19: Measured performance of the flashlamp pumped ampli-
fiers with 800 V voltage applied at the flashlamps a) output energies
for #1 (red) and #2 (blue) laser heads with varying input energies,
and b) corresponding gain values for single (black) and double passes
(blue).
This system is very robust and reliable and potentially provides higher energies than
the high repetition rate diode pumped module whenever 10 Hz is sufficient. The
system was not used at the maximum extractable energy as the OPA stages were
optimised for the pump energy shown in the measurements, which was available at
flashlamp voltages of 800 V.
500 600 700 800 900 1000
1
2
3
4
5
6
7
 
 
Si
ng
le
 p
as
s 
ga
in
Flashlamp voltage (V)
Figure 7.20: Measured single pass gain of the flashlamp pumped
amplifiers at different voltages applied to the flashlamps.
As a comparison, when the flashlamp voltages were increased to 850 V each, ∼60
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mJ energy at 1053 nm was extracted from the two heads. The flashlamp voltage can
be increased up to 999 V, however the maximum extractable energy of the system
is limited by the accumulating B-integral value in the relatively small diameter rods.
At 900 V, the single pass gain is approximately 5 per pass (Fig. 7.20) and the
corresponding B-integral values are 0.32 at the first pass and 1.95 at the second pass.
At 100 mJ extracted energy the B-integral would be about 3. A third laser head is
also available, but the B-integral would sum to about 4–5 in that case.
7.8 Regenerative amplifier operation at 1047 nm
Using Nd:YLF as the laser amplifier medium, operation at two distinct wavelengths
is possible. The stimulated emission cross section σ, at the 1047 nm emission (σ =
1.8× 10−19 cm2) is 1.5 times higher than at the 1053 nm transition (σ = 1.2× 10−19
cm2) [148]. However the excitation ratio of the two levels can be slightly modified
by choosing the appropriate pumping wavelength, the dominant transition remains
the 1047 nm line. Thermal lensing of Nd:YLF is more significant when light passing
through the medium is polarised in the crystal axis (π transition at 1047 nm). Fig.
7.21 shows the thermal lens focal lengths at different CW pump currents applied
at the diodes pumping the RBA35 laser head in the regenerative amplifier. A very
strong thermal lensing occurs at 1047 nm along the a-axis, which was also shown
experimentally in Fig. 7.2.
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Figure 7.21: Thermal lensing focal lengths for light polarised along
the “c” and “a” axes in the RBA35 module at different pumping cur-
rents. The data is taken from the manufacturer’s datasheets.
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Figure 7.22: Regenerative amplifier cavity simulation results for op-
eration at 1047 nm at 14 A driving current. Stability ranging from
0(worst)–1(best) for light polarised in the a) c-axis and b) a-axis.
Beam sizes at the Nd:YLF rod in c) c-axis d) a-axis. Beam size at
the end mirrors (minimum value) in the e) c-axis, in the f) a-axis.
Black areas correspond to unstable cavity.
The regenerative amplifier cavity was modelled using a freely available code (LasEasy
v1.0 by UVisIR). The software calculates beam sizes at various optics and the stability
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of the cavity by ABCD matrix analysis. The cavity was simulated using three optics,
two end mirrors and a thin lens approximately accounting for the thermal lensing in
the extended 83 mm long laser rod.
The distance between the first mirror referred to as the “front” or “head” mirror
and the laser head middle point was 45 cm, from which point the “back” mirror was
located at a distance of 90 cm. As the laser provides 2–3 mJ saturated energy at
13–14 A drive current at 1053 nm, assuming a larger gain at the 1047 nm transition,
the thermal lens values from manufacturer’s datasheets for 14 A were used.
The simulation results are shown for 1047 nm operation in Fig. 7.22. Due to
the large difference in the thermal lens focal length for light polarised along the c-
axis, cavity stability and beam sizes are significantly different along the vertical and
horizontal dimensions in the cavity. As the stability increases for one dimension it
decreases in the other. A “sweet-spot” is found for the front mirror ROC 2000 mm and
1800 mm for the back mirror ROC. The beam sizes at the mirrors are acceptable,
but are significantly smaller at the other optics e.g. Pockels cell compared to the
operation at 1053 nm. In addition, the beam size at the Nd:YLF rod in the c-axis is
only about ∼500 µm, which can lead to high accumulated B-integral and self focusing
along that axis in the rod.
Figure 7.23: TEM20 mode in the cavity at 1047 nm operation at 11.5
A pump current running in CW mode. The crystal axis is vertical.
The scale in both directions corresponds to 5 mm.
Experimentally this operation was examined with the available combination of a
2000 mm ROC front mirror and a flat back mirror in CW operation. At around
11.5 A pump current the mode became TEM20 (Fig. 7.23), above 12 A the cavity
lasing stopped abruptly as the system moved out of stable operation. Q-switched
operation was not possible in this configuration, and even with the correct mirror set
suggested by the simulations would not provide operation without the risk of damage
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of the optics. A cylindrical lens could possibly improve the condition but not without
significantly increasing the B-integral accumulated in the cavity.
7.9 Conclusion on the pump laser development
The process of parametric amplification allows the amplification of very short, few-
cycle pulses to high energies. The energy scalability of such a system is mainly
restricted by two parameters, the dimensions in which the nonlinear crystals can be
grown at sufficiently high quality and the pump laser energy. As a high quality pump
laser is a key element of an OPCPA system, a major effort has to be expended in its
development.
Figure 7.24: Photo of the OPCPA pump setup.
This chapter gave an overview of the successful amplification of the low energy output
of a photonic crystal fiber from the pJ level to the few tens of mJ level. The ampli-
fication was achieved using Nd:YLF as the gain material and in two steps, first in a
regenerative amplifier to the few mJ level, and then in a multipass amplifier (output
of 30 mJ, at 1053 nm, with 95 A, 350 µs driving current pulses). The pump laser
described in this thesis is shown on the photo in Fig. 7.24. An alternative beamline
using two flash lamp pumped laser heads was also developed for applications where
high-energy is required, and a relatively low repetition rate (10 Hz) is sufficient. This
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system provides 60–70 mJ energy at 1053 nm without the risk of self-focusing in the
relatively small diameter laser rods.
An extensive description of the performance and operation of the regenerative
amplifier is given. The pump laser wavelength was chosen to be 1053 nm, however
Nd:YLF can also operate at 1047 nm, which has been also studied. In comparison to
the 1053 nm operation, it was found to be less optimal choice for this system due to
the significantly higher thermal defocusing. To increase the parametric amplification
quality and efficiency, the beam spatial and temporal shape and smoothness was
improved. A flat-top temporal profile was achieved by using a custom, low-finesse
intracavity etalon, which was compared to performance of a spectral shaper placed in
the stretcher Fourier plane before the regenerative amplifier. The etalon was found to
successfully prevent self phase modulation in the regenerative amplifier. The system
with unwanted nonlinear effects suppressed was also found to provide a highly stable
output, while also significantly increasing the efficiency and stability of the cascading
nonlinear processes e.g. the SHG generation efficiency was found to increase from
30% to 50%. A flat-top spatial profile well matched to the demands of the OPA gain
stages was obtained by the combination of a spatial filter and an appropriately chosen
apodiser.
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8.1 Current full system performance and layout
The full system layout is shown schematically in Fig. 8.1. The 6 fs, 2 nJ pulses at 75
MHz originating from the Rainbow oscillator are divided with a beamsplitter (BS)
between the pump and the seed beamlines for the parametric amplifiers. Approxi-
mately 60% of the available energy is directed into a single mode fiber spliced to a 50
cm long NL-PM-750 photonic crystal fiber, where 30%–40% of the coupled in energy
is shifted to the target pump laser wavelength of 1053 nm. The pulse at this point is
close to transform limited and therefore is stretched to about 250 ps in a compressor
style Z-configuration folded single grating stretcher. The amplification of the pump is
carried out in two steps, first to the level of 2.5 mJ in a regenerative amplifier with a
CW pumped Nd:YLF laser head, where a flat-top spectral profile is engineered using
a thin, low-finesse etalon in the cavity, then after spatial profile engineering further
amplified to the level of few tens of mJs. This is done in either a high repetition rate
diode pumped Nd:YLF head, where the pumping is delivered via 5 high-power diode
modules radially pumping a 6 mm diameter 1% doped a-cut Nd:YLF laser rod or in
two flashlamp pumped low repetition rate high-energy modules. After frequency dou-
bling, 10 mJ of pump energy is available at 526.5 nm. The beam is divided between
pumping the first and second opa stages (1 mJ) and the third stage (9 mJ).
The short pulse beamline after the initial beam splitter feeding the PCF passes
through the Dazzler, where pre-compensation of higher-order phase is performed.
The pulses are stretched both in the Dazzler crystal and in a compressor style 8-
prism “stretcher” to obtain 5 ps pulses for injection into the first and second OPA
stages. In the two pre-amplifying parametric stages the pulses are amplified from 30
pJ to 2 µJ. In the following stage the pulses are further stretched in a transmission
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Dazzler
BS
Grating stretcher 1
8-prism stretcher
OPA 1&2
OPA 3
Regenerative amplifier
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FM
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1 mJ
20 mJ
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30 pJ
5 ps 2 J, 5 ps
1 μJ, 20 ps μJ, 20 ps
300 μJ
Figure 8.1: Schematic system overview of the few-cycle OPCPA
system. Details in text.
grating Martinez-style stretcher to 20 ps, and amplified in a third parametric stage
to 0.6 mJ. Finally the pulses are compressed, with an approximately 50% loss on
the compressor gratings the system output is 0.3 mJ. The achievable shortest pulse
duration by amplification of the full Rainbow oscillator bandwidth is 6.2 fs. The
shortest amplified transform limited pulse duration according to the simulations with
BBO is 6.5 fs, while the experimentally achieved is 8.5 fs. Due to the large third-order
dispersion in the system, currently the shortest achieved measured pulse duration was
20 fs.
ency division
37.5 MHz
500 Hz
Dazzler
10Hz-500Hz
500 Hz
500 Hz
10-200 Hz
SRS 3
500 Hz
10 Hz
10-200 Hz
75 MHz
75 MHz
75 MHz
75 MHz
Figure 8.2: OPCPA system schematic triggering overview. See de-
tails in text.
The triggering system is shown in Fig. 8.2. A photodiode is placed in the Rainbow
oscillator cavity, where a pellicle extracts a small fraction of the beam. This signal is
sent to the repetition rate locking electronics, the CEP stabilisation unit, the Dazzler
RF generator and also feeds the regenerative amplifier Pockels cell triggering box
after frequency division down to 500 Hz. The frequency division is achieved via the
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commercial driver unit obtained from the previous HiQ oscillator. The 500 Hz signal
is further divided in an adjacent SRS DG535 delay box if required, triggering the
diode pumped amplifier unit and the flashlamp electronics for the low repetition rate
system.
8.2 Summary
In this thesis the development of a few-cycle multi-mJ laser system based on op-
tical parametric chirped pulse amplification is described. This system is designed
to drive few-cycle experiments in areas such as electron acceleration, high-energy-
density plasma physics and attoscience. The thesis starts from the fundamentals
of the generation and propagation of ultrashort pulses, followed by a description of
measurement techniques for few-cycle pulses and optimisation of a SPIDER system
is presented. The phase transfer function of the individual sections of the stretcher-
compressor system was measured by a linear technique, spectral interferometry, and
the results were compared to previous calculations and modelling of the multi-element
stretcher-compressor system.
An extensive study of the parametric amplifier stages is presented, where broad-
band phase matching conditions in LBO, BBO and BiBO crystals were examined as
possible candidates for use in a few-cycle OPCPA system. The three stage ampli-
fier system was thoroughly optimised by modelling via numerical integration of the
coupled wave equations describing the parametric gain process. As a result of the
modelling, BBO was found to provide an optimal solution for broadest bandwidth and
highest pulse energy. However a new material BiBO was also investigated and found
to provide a similar performance to BBO, with to some extent different constraints
on crystal length and spatial walk-off.
The original, rather problematic two oscillator setup was replaced by a single
unified oscillator, which now successfully provides both the pump and seed pulses for
the parametric amplifiers. To provide sufficient energy at the pump laser wavelength
a photonic crystal fiber was used to shift energy from 800 nm to the OPA pump
laser wavelength of 1053 nm. To optimise this process several commercially available
fibers were studied via numerical integration of the generalised Schro¨dinger equation
using the split step Fourier technique in a code optimised for calculation on GPU.
The modelling showed that a 50 cm piece of an NL-PM-750 photonic crystal fiber
provides an optimal solution, which was then experimentally verified and together
with the implementation of repetition rate locking of the master oscillator provided
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a stable, sub-ps optical synchronisation between the pump and the ultrabroadband
seed pulses.
The OPA pump laser is based on a diode pumped Nd:YLF amplifier medium,
using the 1053 nm transition and has been improved in several ways. The output
of the fiber is stretched in a compressor-style Z-configuration single grating stretcher
providing flexible addition of chirp to the pump pulse.
By employing a thin, low-finesse etalon in the regenerative amplifier, a flat-top
temporal pump pulse is obtained, which greatly increases the stability and efficiency
of the parametric processes, while also keeping the B-integral low in order to prevent
self-phase modulation during amplification in the regenerative amplifier.
The cavity design modelling of the regenerative amplifier is presented, together
with a comparison of operation at the 1047 nm transition of the amplifier medium.
A flat-top spatial profile of the pump laser was achieved by the use of an apodiser
combined with spatial filtering and image relaying. The construction of an alternative
low repetition rate, high-energy beamline is also presented.
8.3 Future Work
The work presented in this thesis outlines the challenges that arose during the con-
struction and optimisation of a few-cycle laser system that is powerful enough to be
able to drive several high-field physics experiments, while still remaining within the
scale of cost and complexity that can be accommodated in a university laboratory
rather than a national facility.
Future work on the system will initially involve the energy and repetition rate
upscale of the current pump laser, which can be realised in several ways. The diode
pumped multipass amplifier beamline is able to effectively provide high repetition
rates up to 1 kHz, but was only tested up to 250 Hz in the latter stages of the project
due to concerns about thermal fracture of the laser rod. Energy upscale of the low
repetition rate flashlamp pumped beamline can be accomplished by increasing the
voltage on the flashlamps, after which the output would be ∼100 mJ at 1053 nm
with a B-integral of ∼3. In Chapter 5 it was shown that an energy upscale of the
pump laser does not significantly alter the OPA stage designs in terms of crystal
lengths. In addition, in Chapter 4 the problem with the system spectral throughput
was addressed. This requires the revision of the efficiencies of the diffractive elements
of the system for the different wavelength range of the short pulses. To increase the
quality of the focal spot in future experiments, adaptive optics will be introduced.
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In the next two sections two main experiments are highlighted that are planned
to be carried out with the laser system presented in this work. Their requirements
in terms of pulse duration, energy and beam delivery were guiding factors in the
development of the laser system.
8.3.1 Applications
A kHz repetition rate few-cycle laser system with a few mJ energy is an ideal table-top
platform to conduct high-energy physics experiments on a university scale e.g. the
generation of solid density plasma and electron acceleration. Much of the work in this
area, particularly for laser acceleration is currently confined to National Laboratory
scale facilities.
Table-top accelerator driven by intense few-cycle laser pulses
Particle accelerators are very important both in fundamental science and applica-
tions e.g. material diagnostics and radiotherapy in medicine. Plasma accelerators,
driven by even a relatively small scale table-top few-cycle laser system, provide or-
ders of magnitude larger acceleration gradients in comparison to conventional particle
accelerators. The particle energies produced are comparable to those offered by syn-
chrotron light sources after being accelerated in only a few centimeter length plasma
accelerator stage, providing the possibility to shrink kilometers long state of the art
particle colliders to a few meters.
In an underdense plasma generated in a low Z gas (e.g. Helium) the free electrons
are pushed away from an incident laser beam due to the ponderomotive force caused
by the electric field of the laser pulse. The positive ions in the plasma pull the
electrons back leading to an oscillation in the plasma at a characteristic frequency
given by:
ωp =
√
nee2
meǫ0
, (8.1)
where ne is the initial electron density in the plasma, ǫ0 is the vacuum permittivity,
me is the electron mass and e the electron charge. In order to achieve an effective
amplification of these oscillations, the oscillations caused by the laser pulse have to
add in phase. The field created trails the laser pulse and is referred to as the plasma
wakefield. If the laser intensity is sufficiently high the displacement of the electrons
become so large that they leave the plasma and singularities in the plasma electron
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density are formed where only positive ions are left behind [149]. This cavity trailing
the intense laser pulse is then completely free of electrons and is referred to as a
“bubble”. The electrons driven back by the large emerging electric field or electrons
from the background plasma can become trapped and accelerated in the bubble. This
leads to a sudden increase in both the maximum energy and in the number of electrons
that are accelerated.
The driving process has been subject to intense research in the past few years,
which is due to its success with relatively long laser pulses (∼0.1–1 ps) at high en-
ergy. In this case the laser pulse gets self-modulated in the plasma, and when this
modulation is in resonance with the plasma frequency, then effective wakefield ac-
celeration is obtained. The electron energy spectrum usually follows a Maxwellian
distribution which is not well matched to the requirements of a particle accelerator.
However at a specific electron density, when only the first plasma oscillation is driven
to wave-breaking, the electrons experience an identical acceleration gradient. This
leads to the production of quasi-monoenergetic electrons [150], generally much better
matched to potential applications.
A new mechanism of electron acceleration can be achieved with few-cycle pulses
where the laser pulse duration approaches the plasma period τ ∼ 1/ωp. In addition,
the required intensities can be reached in a few-cycle laser system with much less
energy compared to longer pulses. In this case, when the laser pulse length is less than
the plasma wavelength, the electrons can stream back behind the laser pulse. Analytic
scaling and simulations [151, 152] show that monoenergetic electron acceleration can
be reached in the few-cycle laser regime with pulse energies less than 100 mJ. This
has also been experimentally demonstrated by using 8 fs, 40 mJ pulses [153] at 10
Hz. The lower limit in terms of laser pulse energy was calculated to be 18.4 mJ for 5
fs pulses according to Ref. [152]. The few-cycle system presented in this thesis can
provide a scalable platform to conduct experiments in this field.
Generation of solid-density plasma with a few-cycle laser system
The generation of solid density plasma is particularly interesting in several research
fields and applications. As an example in fast ignition for inertial confinement fusion
experiments, which originates from the fact that fs-laser generated plasmas approach
temperatures and densities similar to the values currently attained in indirect drive
experiments at some points in their evolution [154]. The main advantage is in this
particular case that the laser can be a “table-top” system, with high (kHz) repeti-
tion rate, which makes experiments more flexible and convenient, in contrast to ICF
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plasmas, which require huge laser facilities.
They are particularly useful also in the production of high-energy particles [155],
ultrafast X-ray generation [156] and also interesting for astrophysical investigations
of X-ray opacity of matter at extreme conditions, that can only be naturally found
in stars and large planetary cores [157]. The energy levels of the bound electrons
can be significantly altered by the interaction with the surrounding particles. As
these effects mainly modify the radiative transport properties and the opacity of
the plasma, spectroscopic investigation of solid density plasmas within laboratory
environment provides the possibility to identify and analyse specific spectral features
such as line shift and profile, satellite lines, pressure ionisation, Stark broadening etc
[158]. The best way for studying the plasma in such transient conditions is to use the
emitted radiation. Both the electron density and temperature can be determined by
investigating the emitted spectrum of the plasma. The interactions occurring between
the particles produce population density changes of the discrete atomic lines, which
can be a powerful plasma temperature diagnostics tool. These interactions can also
cause shifting or broadening of lines, lower the ionisation potentials, cause continuum
radiation emissions as well as make forbidden transition lines appear through state
mixing.
The development of recent high-energy, few-cycle lasers provide a unique tool for
generation of plasma densities near solid density in the temperature range of 10 eV to
30 keV. In contrast to interaction with “long” pulses, during the interaction of a solid
target with a few-cycle laser pulse, the laser pulse energy is transferred to the target
in a very short time scale. Within such a short timescale no significant hydrodynamic
expansion of the plasma can occur, leading to a transient, solid density plasma. The
study of the heating mechanism and efficiency is of key importance in the field.
For the case of relatively “long” laser pulses, during the slow heating of the solid
target the energy transfer occurs via electron collisions. In the case of ultrashort
pulses, a fast energy transfer occurs via collisionless absorption mechanisms. The
heating mechanism in that case is the following: the electric field of a single laser
cycle strips the electrons off from the target atoms and then accelerates them back
into the target with energy gain. This effect is called vacuum heating or the Brunel
effect [159]. The K-shell holes created by impact ionisation from these “hot electrons”
are filled by recombination of electrons from higher shells, causing the emission of
characteristic X-ray lines. The X-ray burst that is generated in this way is short in
time because electrons are accelerated only in the presence of the driving femtosecond
laser pulse.
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The very first experimental investigation of the interaction of ultrashort laser
pulses with dense plasmas was performed by Osterholz et al. [160]. In the experiment
nearly solid density plasma was generated with relatively high-contrast of 108:1, 8 fs
laser pulses with an intensity of 1016 W/cm2 on low Z solid targets. The low pulse
energy and low coupled energy in these experiments necessitated the use of a multi-
shot technique to record the XUV radiation emitted and so this application is well
matched to a high repetition rate laser source.
For the above experimental laser parameters, K-shell emission in the XUV of
targets with small atomic numbers are possible. The same spectral range is also
suitable for studies of L-shell emission of higher atomic number targets, if a laser
source with higher energy, few-cycle duration pulses is available. The laser system
used for the work described in Ref. [160] was based on hollow fibre pulse compression,
and it is limited to the few mJ energy levels. In contrast, an OPCPA based few-
cycle system is fundamentally scalable to higher-energies, provided suitable non-linear
crystals and pump laser can be obtained.
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4th Runge-Kutta method for
solving the coupled wave equations
In Section 5.9 the coupled amplitude equations were solved using the 4th Runge-
Kutta method. This method is considered to be very accurate and has a global error
in the order of O(h4) using step size h.
The signal amplitude at z + h, As(z + h) was given in Section 5.9. Similarly the
idler amplitude is given by:
Ai(z + h, t) = Ai(z, t) + (Ci1 + 2(Ci2 + Ci3) + Ci4)/6, (A.1)
with the definitions of:
Ci1 =
ih2deffω
2
i
kic2
Ap(z, t)As(z, t)e
−i∆kz (A.2)
Ci2 =
ih2deffω
2
i
kic2
(
Ap(z, t) +
Cp1
2
)(
A∗s(z, t) +
C∗s1
2
)
e−i∆k(z+
h
2
) (A.3)
Ci3 =
ih2deffω
2
i
kic2
(
Ap(z, t) +
Cp2
2
)(
A∗s(z, t) +
C∗s2
2
)
e−i∆k(z+
h
2
) (A.4)
Ci4 =
ih2deffω
2
i
kic2
(Ap(z, t) + Cp3)(A
∗
s(z, t) + C
∗
s3)e
−i∆k(z+h), (A.5)
and the pump amplitude:
Ap(z + h, t) = Ap(z, t) + (Cp1 + 2(Cp2 + Cp3) + Cp4)/6, (A.6)
where:
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Cp1 =
ih2deffω
2
p
kpc2
As(z, t)Ai(z, t)e
i∆kz (A.7)
Cp2 =
ih2deffω
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kpc2
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Ci1
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h
2
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Cp3 =
ih2deffω
2
p
kpc2
(
As(z, t) +
Cs2
2
)(
Ai(z, t) +
Ci2
2
)
ei∆k(z+
h
2
) (A.9)
Cp4 =
ih2deffω
2
p
kpc2
(As(z, t) + Cs3)(Ai(z, t) + Ci3)e
i∆k(z+h). (A.10)
In the above equations h denotes the step size, deff is the effective nonlinear coefficient,
ωi and ωp are the idler and pump angular frequency and ki and kp are the idler and
pump wavenumber, respectively. ∆k denotes the phase mismatch.
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Derivation of the nonlinear
Schro¨dinger equation for pulse
propagation in highly nonlinear
optical fibers
The wave equation (Eq. 5.9) is a four-dimensional (three spatial, one temporal),
second-order partial differential equation, therefore, several assumptions, approxima-
tions based on propagation conditions and experimental results are needed to derive
a simpler and more computationally tractable propagation equation. We thus make
the following assumptions during the derivation of the equations:
1. PNL compared to PL is treated as a small perturbation in Eq. 5.11, as the
nonlinear changes in refractive index in silica fibers are negligible. Note that
the term proportional to χ(2) is zero due to SiO2 being a symmetric molecule
2. We will use a scalar approach, we assume that the laser pulses is linearly po-
larised and the polarisation is maintained upon propagation.
3. The optical field is assumed to be quasi-monochromatic ∆ω/ω0 ≪ 1, where
∆ω is the spectral full width at half maximum (FWHM) and ω0 is the central
angular frequency.
Using the 3rd assumption, in case of pulses >100 fs with the optical field centered
around ω0, the electric field and the linear and nonlinear polarisation densities can
be expressed as:
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in highly nonlinear optical fibers
E(r, t) = Re
[
E(r, t)e−iω0t
]
, (B.1)
PL(r, t) = Re
[
PL(r, t)e
−iω0t
]
, (B.2)
PNL(r, t) = Re
[
PNL(r, t)e
−iω0t
]
, (B.3)
where E(r, t), PL(r, t) and PNL(r, t) are slowly varying envelopes of the fields. In the
case of a dispersive medium it is favourable to deal with each frequency component
separately, and therefore frequency domain is more convenient to use. Conversion is
done by Fourier transforming Eq. 5.9. Then the wave equation can be expressed in
the following way:
∇2E˜(r, ω) + ǫ(ω)k20E˜(r, ω) = 0. (B.4)
where k0 = ω0/c is the wave number of the central wavelength, ǫ(ω) the frequency de-
pendent dielectric constant and E˜(r, ω−ω0) denotes the electric field in the frequency
domain, given as:
E˜(r, ω − ω0) = 1
2
xˆ
[
E(r, ω − ω0) + E∗(r, ω − ω0)
]
(B.5)
where we also used the 2nd assumption, and that the light is polarised along the xˆ
axis. The frequency dependent dielectric constant in Eq. B.4 is given by:
ǫ(ω) = 1 + χ˜(1)xx (ω) +
3
4
χ(3)xxxx |E(r, t)|2 (B.6)
where χ˜
(1)
xx is the Fourier transform of the linear χ
(1)
xx (t) susceptibility and χ
(3)
xxxx is the
third-order susceptibility tensor evaluated at the central frequency of the signal ω0.
The term χ
(2)
xxx is missing due to the explanation in the 1st assumption. In general
χ
(3)
ijkl is a fourth-rank tensor with 81 components, however, because of the isotropy
of the medium and assuming that laser wavelength is far from any resonance of the
medium, there is only one remaining non-zero element. The dielectric constant can
be related to the refractive index and the absorption in the material.
To find solutions for the optical field in Eq. B.4 we can use the method of sepa-
ration of variables. For light propagating in the z direction the solution is assumed
to be in the form of:
E˜(r, ω − ω0) = F (x, y)A˜(z, ω − ω0)eiβ0z, (B.7)
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where F (x, y) corresponds to the transverse electric modes in the XY plane, A˜(z, ω−
ω0) is a slowly varying function of z and β0 = β(ω0) is the wavenumber evaluated at
the carrier frequency. Substituting Eq. B.7 into the wave equation (Eq. B.4) leads
to:
1
F
(
∂2F
∂x2
+
∂2F
∂y2
)
+ ǫ(ω)k20 = −
1
A˜eiβ0z
∂2
∂z2
(A˜eiβ0z). (B.8)
The two sides of this equation depends on different variables, they must therefore be
equal with the same constant. Choosing the constant to be β˜2 we obtain the following
two equations for F (x, y) and A˜(z, ω − ω0):
∂2F
∂x2
+
∂2F
∂y2
+ (ǫ(ω)k20 − β˜2)F = 0, (B.9)
∂2A˜
∂z2
+ 2iβ0
∂A˜
∂z
+ (β˜2 − β20)A˜ = 0. (B.10)
The wavenumber β˜ can be obtained by solving the eigenvalue equation (Eq. B.9), and
can be written in the form of β˜ = β(ω)+∆β, where β(ω) is the frequency dependent
mode propagation constant and ∆β is a perturbation term. Using the approximation
(β˜2 − β20) ≈ 2β0(β˜ − β0) and neglecting the second order term
∂2A˜
∂z2
in Eq. B.10 due
to A˜(z, ω) being a slowly varying function of z, we can write Eq. B.10 as:
∂A˜
∂z
− i(β(ω) + ∆β − β0)A˜ = 0. (B.11)
As β(ω) is a continuous function around our central carrier frequency ω0, it is useful
to expand in a Taylor series as:
β(ω) = β0 + β1(ω − ω0) + 1
2!
β2(ω − ω0)2 + 1
3!
β3(ω − ω0)3 + · · · , (B.12)
where β0 ≡ β(ω0). Now we transform Eq. B.11 back to the time domain by taking
the inverse Fourier transform. Note that during transformation (ω − ω0) is replaced
by i∂/∂t. We obtain the following equation:
∂A
∂z
+ β1
∂A
∂t
+
i
2
β2
∂2A
∂t2
= i∆β0A. (B.13)
The term ∆β is responsible for the effect of fiber losses and nonlinearity, its evaluation
is by solving Eq. B.9 using first-order perturbation theory and can be found in details
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in Ref. [110]:
∆β = −α
2
+ iγ|A|2, (B.14)
where the nonlinear coefficient γ is defined as:
γ =
n2ω0
cAeff
. (B.15)
n2 denotes the nonlinear refractive index n = n0 + n2I and Aeff is the effective core
area given by:
Aeff =
[∫ ∫∞
−∞
|F (x, y)|2 dx dy
]2
∫ ∫∞
−∞
|F (x, y)|4 dx dy . (B.16)
The F (x, y) term is the transverse mode field distribution and can be obtained from
the eigenvalue equation (Eq. B.9). Physical properties of the fiber e.g. core size
and core-cladding index difference determine Aeff. Small values represent higher γ
values, and therefore higher nonlinearities due to strong confinement of light in the
core region of the fiber. Typical values range from 1-100 µm2 for Aeff and as a result
γ=1-100 1/W/km. By substituting Eq. B.14 into Eq. B.13 we obtain:
∂A
∂z
= − iα
2
A︸︷︷︸
losses
− i
2
β2
∂2A
∂t′2︸ ︷︷ ︸
dispersion
+ iγ|A|2A︸ ︷︷ ︸
SPM
. (B.17)
This equation is referred to as the nonlinear Schro¨dinger equation (NLSE), it describes
the light propagation in single-mode fibers, and accounts for the effects of losses
through α, chromatic dispersion via β2 and SPM through γ. In B.17 a moving frame
moving with the group velocity vg = 1/β2 was introduced:
t′ = t− z
vg
= t− β1z. (B.18)
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List of acronyms
ASE Amplified spontaneous emission
BBO Beta barium borate
BiBO Bismuth borate
CEP Carrier envelope phase
CPA Chirped pulse amplification
CW Continuous wave
DFG Difference frequency generation
FOD Fourth-order dispersion
FWHM Full-width at half-maximum
GD Group delay
GDD Group delay dispersion
GNLSE Generalised Schro¨dinger equation
LBO Lithium borate
NWC Non walk-off compensating
OPA Optical parametric amplification
OPCPA Optical parametric chirped pulse amplification
PCF Photonic crystal fiber
PF Parametric fluorescence
PVWC Poynting vector walk-off compensating
SFG Sum frequency generation
SHG Second harmonic generation
SPIDER Spectral phase interferometry for direct electric field reconstruction
SPM Self-phase modulation
SSFM Split-step Fourier method
TOD Third-order dispersion
YAG Yttrium aluminium garnet
YLF Yttrium lithium fluoride
ZDW Zero dispersion wavelength
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